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FOREWORD

This Final Technical Report covers all work performed under Contract
F33615-72-C-2039 from 29 September 1972 through 31 October 1974. The report
was released by the authors in November 1974.

v~l This Contract with Grumman Aerospace Corporation, Bethpage, New York,
was initiated under task number 738107 "Exploratory Development of Weld Quality
Definition and Correlation with Fatigue Properties." The work was administered
under the technical directioD of Mr. Paul L. Hendricks (AFML/MXA) of the
Aeronautical Systems Branch, Systems Support Division, Air Force Materials
Laboratory, Wright-Patterson Air Force Base, Ohio.

The program was directed by Mr. Robert Witt, Program Manager, and :Mr.
Olev Paul, Project Engineer. Others assisting on the project were Messrs. Albert
Flescher, Joel Magnuson, Harold Ellison, Vincent Sgro and Salvatore Stracquadaini
of Advanced Materials and Processes Development; Messrs. David Layton, Peter
Donohue, Robert Zoellner and Robert Wigger of Elements and Materials Testing;
Messrs. Robert Messler, Jr., and Robert Knappe of Metallurgy and Welding
Engineering; and Mr. Dennis Becker of the Quality Control Laboratory.

This project was accomplished as part of the Air Force Manufacturing Methods
Program, the primary objective of which is to develop on a timely basis, manufacturing
processes, techniques and equipment for use in economical production of aircraft
materials and components.
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SECTION I

INTRODUCTION

A. BACKGROUND

In the past two decades, the usage of titanium has increased dramatically.
Welded titanium offers more efficient light-weight joint design than aluminum alloy
systems for many applications in supersonic aircraft.

Welded structures have become a reality In the airframe industry. Major
structures have been designed and fabricated In titanium. These Include the electron-
beam-welded titanium propeller hub structure for the Cheyenne helicopter, the 22-
foot-long F-14A wing center-section which contains 70 Ti-6AI-4V electron-beam
welds, a similar box welded for the Messerschmitt Mach 2 + MRCA,
and Ti-6AI-4V and Ti-6A1-6V-2Sn upper and lower F-14A wing covers which are
electron-beam welds to the wing pivot fittings. Melt-through GTA welding of titanium
has been developed for use in the sine-wave beams on the vertical fin and conven-
tional GTA welding for joining bulkhead forgings of the new B-1 bomber. Recently,
an Air Force program was started on plasma-arc welding (PAW) of B-1 config-
urations. In engine applications, titanium is used (often in sheet thickness) for cas-
ings, in the inner fan ducts, and forward blades. Fusion welding techniques are
often considered for such areas, As a result, there is currently considerable inter-
eat in using welding to fabricate future aircraft structures and engine parts of
titanium.

In the design and fabrication of such parts, the presence of flaws in welds must
be taken into account. To evaluate, design, fabricate and inspect these welds, it Is
necessary to have meaningful guidelines defining defect limits based on engineering
data obtaied onflawed welded elemnts tested under representative conditluns. To
date, design allowables for high h3egrlty, highly stressed welded Joints In aerospace
structures have been estimated utilizing artificially induced surface defects.

B. OBJECTIVES

The primary objective of this program was to determine the effects of typical
weld defects encountered In production welding of Ti-6AI-4V titanium alloy on fa-
tiguc characteristics of anomalous welds. To achieve the primary objective, tech-
niques had to be developed for reproducible fabrication of weld defects similar to
those encountered in production welding. Development of these techniques constituted
a secondary objective.

The final objective of the program was the correlation of the generated fatigue,
data with findings of non-destructive inspections and fractographic evaluations to
develop guidelines to be utilized in consideration of proposed specifications.
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C. PROGRAM SCOPE

The program consisted of the following three phases:

9 Phase I. This study was designed to demonstrate the feasibility of produc-
ing typical defects encountered in production welding of Ti-6AI-4V titanium alloy by
(intentional) variation of processing parameters, and characterize these defects by
commercially available NDI techniques. The types of specimens evaluated In the
course of these studies are summarized in Table I.

T,", I. Ph. I Weldig Defect Ipecmem

wed O.glndi-Thick O .I-iWWdd efect Shuet Plt

Porosity EBW, GTAW EBW, PAW. GTAW. GMAW

Mismatch GTAW
Underfill GTAW
Surface Contamination - EBW, PAW
Lack of Penetration - EBW
Reinforcerment - PAW
Undercut - PAW
Bursts -E 5W

Cracks EBW. GTAW EBW, PAW, GMAW
Flawless EBWGTAW EBW, PAW
Inclusions GTAW -_ _._ _

*. . eelIt.. This was the major effort of the program. It encompassed fab-
rication of (Intentionai) weld defects utilzing parameters developed in Phase I aNd
evaluatio of their fatliue characteristics in tension-tensic (R.- 0. 1) tests. -Fawless
welds produced by IdesUtlol welding processes usifg conventional paamettrs Ond
hase-metal peoImen with K, stress Intensity factox of ms, two ad thre were

V 'processed simultaneously to rovlde baselie data. Phase II was desned to study
the weldanomales own n Table I.

Tab IL Mhs. if Welding DdIa dom

Uorly 15W."GTAW GMAW, GTAW, EIW. PAW W
mis"I, " GTAW GTAW, PAW. IW

U.", STAW. G.AW.,PAW, NSrface Conta(ination GAW ITAW. PAW. WM I
Lacko Peetin -GMAW a
ARe railnwn TAW GYAW ,PAW

Uaduwt STAW I AW. PAW
emu ",
Cracks GlAW.E Law OMW. GlAW. PIAW, UIN
Ilusions 0ClAW GTAW
PtIA~h II TAW! 9W G T.CAW. PAW, E15W EM.

2



In addition, fatigue characteristics of EB welds repaired by GTAW manual and
mechanized repair techniques were evaluated.

* Phase M. This phase was designed to analyze fatigue data generated in
Phase II as related to pre-test NDI findings, and results of subsequent fractographic
studies of failed test specimens. The conclusions of Phase I are summarized in a
guideline format to supplement proposed acceptance criteria.

The general procedures utilized in the fabrication and processing of experimental
welds, and specific parameters developed for generation of intentional defects (Phase
I) are discussed in Sections II and I, respectively. Fatigue characteristics of
experimental welds produced by GTA, EB, PA and GMA processes (Phase II) are
presented In Sections IV through VII. Proposed acceptance criteria for titanium fu-
sion welds and guidelines relating the findings of this investigation to proposed
standards (Phase I) are discussed in Section VII.

Program results and recommendations pertaining to the utilization of advanced
nondestructive inspection (NDI) techniques, some of which are under development, to
refine the generated data are summarized in Section IX.

I3/
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SECTION II

EXPERIMENTAL PROCEDURES

A. MATERIALS

1. PhaselI

The raw materials used in this phase were 0. 090-inch-thick Tt-WA-4V sheet
in the annealed condition, and 0. 25-Inch-thick TI-OAl-4V plate in the STA (solution
treated and aged) condition. Prior to machining, the 0-25-Inch-thick plate was heat
treated at 1260OF for four hours to obtain an STOA (solution treated and overaged)
condition.. The 0. 090-inch-thick. sheet Was utilized in the 'las-reoelved" (annealed)
condition to expedite initiation of the experimental studies, since the condition of the
base material was adt expected to be a significant factor In parametric studios.

2. Phase II

The materials used in this phase were 0. 090-, 0,25- and 1. 5-Ineh-thIck Ti-
6A1-4V alloy sheet and plate conforming to the requirements of WuIL-T-9046. All
materials were in the- STOA condition which was obtained by the following beat treat-
ing. method.

-0 Solutilan heat treating at 17600F

a Aged at 125001 for four hours and air Cooled

The 0. 090= And 0. 25-inch-thak plates were air quenched. -The 1. 5-tnoh-thiek
plate. was water quenched froma the solxtvt treating temnperature. Data on vendors,,
beat numbers, chendval anlyses, and moechanical propwrtla*s of materiatilized inF
Phase U! are fl~o&3d to Appeadix At Figures Al tbraigh AS*.

B. PROCESM04 OF TEST SPIECtMS

* A processing flow chart for all teat speolmens utilized In this prat Is
inm Figure. 1. Dmisals and/or additional "ieratlas involved in the fabrication

et a&h 4 t test spedimi are discussed in, stbwqust sotlos.

1. Itachlnlngof Weld BVAnkA().

* The aonlpurosons ot the *eld blanks vitihsd In Phases I and tt we"s WsflOWS.

0. 0W0-inhthick shee - 8 18 inchies

1 4mfirs in W~e~h u. v to op.ISUosI nlAat. In FiguxsL
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0.251inch-thick plate'- 8 x 12 inch (Phase I)

8 x 18 inch (Phase II)

1.5-inch-thick plate -15-1/2 x 36 inches

The blanks were machined to ascertain alignment of the rolling direction with
the longitudinal axis of the (welded) test specimens. Flat surfaces of 0.25-inch thick
plate used in Ph.se II were milled to 0. 240 - 0.245 inch thickness.

2. Joint Preparation (2)

Square and parallel edges were used in blanks designed for electron-beam
welding. Faying surfaces were chamfered to give an included angle of 60 degrees
for:'GTA and GMA welds with 0. 060-0. 065-inch wide lands; 0.25-inch thick plate used
in Phase I was Wiven an included angle of 90 degrees. For manual PAW blanks the
included angle was 120 degrees and the land was 0. 030-inch. Joint preparation utilized
in studies of repair techniques are discussed under specific headings.

3. Acid Cleaning (3, 10, 13)

Pre-welding and pre-heat treating cleaning and post-heat treating descaling

were carried out in a HF/HNO3 /11 2 0 bath.

4. Welding (4)

This discussion pertains to equipment and general procedures applicable to
four welding processes utilized in this investigation. Data on variations of process
parameters required to produce required anomalies in the weld-are presented under

* specific headings in subsequent sections.

a. E,. tron-Beam (E) Welding. This welding operation is accomplished in a
vacuum, generally 10-4 torr, or less. The welding heat is generated at the
joint by a stream of high-velocity electrons which, upon impingement on the work-
piece, transfers its kinetic energy to the workpiece and beats it up.

The electron-beam gun consists of an electrode, an anode and a focusing coil.
* Magnetic beam focusing, oscillation and deflection are provided. Welding param-

eters relating to the gun are:

' Voltage and Current - variation affects penetration in direct proportion.

* Focus - inversely affects penetration by varying power density.

* Welding Speed (up to 100 inches per minute) - distributes power over a given
distance in a given time.
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The amount of heat which is Introduced into a weld joint by the electron-beam
may be calculated by the following equation:

(V) x (C) x 60
it H =

I x 1000

where H Heat Input, kilojoules/inch

V =Beam Voltage, kilovolts

C = Beam Current, milliamperes

I = Welding Speed, inches per minute

A keyhole EB welding technique was used in this program. This required that
the electron beam first create a hole in the work. As the electron-beam advanced
along the joint, a weld was formed by the following three simultaneously occurring
effects:

9 Metal on the leading side of the hole vaporized and then condensed to form
molten metal on the trailing side of the hole

* The molten metal on the leading side of the hole flowed to the trailing side
"i of the hole

* The molten metal thus formed continuously filled the hole and solidified as
the electron-beam advanced.

Electron-beam welding for this program was accomplished using a 30-kw Sciaky
electron-beam welding unit (Figure 2). This unit has a rectangular 54- x 50- x 54-inch
chamber that can be pumped in 5 to 10 minutes, incorporates a 3-axis movement
system and has welding speeds of 0- to 100-inches per minute. The electron-beam
gun in this unit has the same characteristics as the EB gun used in the large EBW
production chambers. This unit is used by both production and development
personnel.

b. Plasma-Arc Weldig (EAW). Plasma-arc welding is an arc welding process in
which heat Is produced by a constricted arc between a non-consumable tungsten
electrode and a workpiece establishing a non-transferred arc. When an arc is
established through a gaseous column separating two electrodes, some of the gas
becomes ionized and is called plasma. This plasma, or current-conducting section
of the arc, is kept hot by the resistance heating effect of the current passing through
it. Thermal ionization is aided by the constriction caused by the constricted
orifice. The incoming gas flow causes the plasma to impinge on the workpiece
causing melting.

8



Figure 2. 30-KW Sclaky Electron-Beam Figure 3. Automatic Plasma Arc Welding
Welding Unit Unit

Figure 4. Radiography Equipment for Figure 5. 36' X 12' X 6' Ultrasonic
Inspection of Weld Quality Inspection Tank
Weldments

Figure 6. Sontag Constant-Amplltude
Fatigue Machines and Multipliers



The plasma-arc column is sufficiently strong to produce a keyhole-tye
weld. This means that the plasma jet penetrates through the entire thickness of the
butt joint, melting the adjacent metal but not expelling it from the weld joint. As the
weld progresses, the base metal is melted ahead of the keyhole, flows around It and
solidifies behind the keyhole to form a weld bead.

The welding equipment used was a 500-ampere (DC), fully automatic plasma-are
welding unit. The associated controls (shielding gas, backup gas, orifice gas and
water flow) as well as sloping-in and sloping-out of the weld current are fully auto-
matic. This equipment Is shown In Figure 3.

c. Gas-Tungsten-Arc (GTA) Welding. This process is an arc welding process in
which the heat is produced between a non-consumable electrode and the work metal.
The electrode, weld puddle, arc and adjacent heat areas of the workplece are protected
from atmospheric contamination by a gaseous shield. This shield is provided by a
stream of inert gas.

Gas-tungsten-arc welding was performed utilizing a 600-ampere Sciaky Boom
Welder. This equipment is a standard production tool. The unit has an 8-foot longi-
tudinal movement suitable for welding, an 8-foot vertical travel capacity and 3600
rotation capability. The last two travel capabilities are used for positioning only.
The equipment has a constant-current, automatic-voltage-control system and main-
tains a given pre-set arc length. Travel speeds range from 0 to 100-ipm, although
welding is rarely done above 10 ipm except on very thin gages.

d. Gas-Metal-Arc (GMA) Welding. This Is an arc welding process in which the
heat for welding is gonerated by an ar between a consumable electrode and the
workpiece. The electrode, a solid bare wire that is continuously fed into the weld
area, becomes the filler metal as it Is consumed. The electrode, weld puddle, arc
and adjacent areas of the base metal are protected from atmospheric contamination
by a gaseous shield provided by a stream of gas fed through the electrode holder
and a trailing shield.

GMA welding was accomplished using a convertible manual GMA torch in an
automatic mode on a Lnde SV-1 500-ampere power supply. This torch was hard-
mounted on the boom welder used in the GTA welding process. Argon gas was used
as the inert shielding gas.
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5. WELD CHARACTERIZATION (5, 8, 14)

a. Equipment

The non-destructive examination/weld characterization to which welds were
subjected was accomplished using the NDI equipment developed for the production
electron-beam welding of aerospace components. Radiographic and ultrasonic in-
spections were accomplished in the same area. There were two 320Kv-3OMa X-ray
units available for use (Figure 4). The radiographs produced by this facility provided
1-percent sensitivity on the material used. Ultrasonic inspection was accomplished
in a 3-1/2 x 12 x 6-foot water tank which is also used for production weld inspection
(Figure 5).

Dye-penetrant inspection utilized in Phase I was accomplished in an area de-
tached from the above inspection area. This area has the capability of using either
fluorescent, penetrant or visible techniques.

b. Inspection Procedures

The basic purpose of non-destructive inspection was to demonstrate the cap-
ability of producing only one type of defect per weld, that is, to ascertain that if a
weld required an undercut, underfill or reinforcement-type of defect, it could not
have any other type of defect associated with it (e.g., internal porosity).

Weld evaluation for this program was performed at several intervals during
the weld production cycle, as follows:

* After initial welding - radiographic inspection. Dye penetrant and metal-
lographic inspections were also used in Phase I.

* After machining of weld - radiographic inspection and ultrasonic inspection
(for 1.5-in. thick plate)

* After machining of (contoured) specimen - documentation of weld contours

# After fatigue testing to failure - fractography of failed surfaces.

This intensive nondestructive inspection program made possible the charac-
terization of every weld based on its inspection records. Initial radiographic in-
speotion was applied on a 100-percent basis to all welds to establish the suitability
of that weld for future operations and indicated the basic defect or lack of defects.
In addition to radiographic inspection in Phase I metallographic samples were also
taken, together with selective employment of dye penetrant inspection of the weld
surfaces. The metallographlo sample allowed the examination of a representative
section of the weld for profile evaluation and actual defect demonstration. The
application of the dye penetrant as an inspection tool was limited to the crack speci-
mens. The fluid used for this inspection was a water-base titanium-compathle in-
spection fluid.

A second Inspoction followed immediately after flush machining of the crown
and root of the weld. This radiograph was compared with the initial X-ray film and
evalbated for the specific defect. If the weld required a defect which did not allow the

11



weld bead to be machined flush, this inspection would be the critical test to demon-
strate the capability- of producing only one type of defect without having any other de-
fect generated as an unwanted by-product.

The application of ultrasonic evaluation at this point was limited. Attempts
-were made to utilize a water immersion 15-MHz, longitudinal-wave, pulse-echo sys-
tem on the 0.250-inch thick materiil. This inspection system is in production use for
the examination of electron-beam weldments. The results were unsatisfactory, since
the C-Scan was unable to separate the front face of the material from the back face,
because of the thinness of the material. Attempts to utilize a shear wave system
were somewhat more successful. This method did separate the front face from the
back face, but the lack of an available standard with which to calibrate the system
limited its effectiveness. Ultrasonic C-Scan teci queswere employed to charac-terize all 1. 5-inch-thick specimens. ... ' '

The third inspection point was limited to welded specimens with contour
anomalies such as underfill, mismatch and others. Fo these specimens, the weld
contours were projected on the screen of an optical comparator at !OX magnification
and documented by tracing on the graph paper positioned on the screen.

The fourth and final inspection point involved examination of the failed fatigue
test coupons and identification of the failure-initiating defect. The failure origin
was examined and correlated with available radiographic films and ultrasonic C-scan
printouts.

6. Identification of Test Specimen Configurations (9)

The configurations of test specimens used in both phases of this program are
shown in Figures A6 to A13 (Appendix A).

To maintain a positive tracking system for each specimen, the following identi-
fication system employing up to seven symbols using numbers and letters was
devised:

* Symbol 1 identified the material tbicknesa: 8 - 0.080-inch; 9 = 0. 090-inch;
4 = 0.250-inch and 15 = 1.500 inches,

* Symbol 2 identified the welding process used; EB = Electron-Beam Welding,
PAW = Plasma-Arc Welding, GTAW - Gas-Tungsten-Arc Welding, GMAW =
Gas-Metal-Arc Welding

o Symbol 3 identified the contract phase: No number identifies Phase I;
2 identifies work done during Phase II

* Symbol 4 identified the specific weld defect: B = Bursts; I = Tungaem In-
clusions; P = Porosity; UC = Undercut; UF = Underfil!; MS Msmatch;
R = Reinforcement; SU = Surface Contamination; LP Lack of Penetration;
C = Cracks and F = Flawless
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* Symbol 5 identified the condition of the weld bead: X signifies that the
weld has not been machined flush; M identifies that the weld bead has been
machined flush on top and bottom

- Symbol 6 identified the weld blank number

* Symbol 7 identified the specimen machined from a given blank.

The following is an example of the use of this specimen identification system.
Specimen 4-PAW-PM-2-1 means that it is the first specimen of the second 0.250-inch
thick plasma-arc welded blank with a porosity-type weld that has been machined
flush.

7. Fatigue Tests

Fatigue characteristics were determined in constant-amplitude tension-tension
(R = 0o1) fatigue tests atfrequencies of 1800-opm and 20-opm. The Sonntag SF14and
SF-104 testing machines shown in Figure 6 were utilized to test the 0.090 and 0.25-inch-
thick specimens. The 1,000, 000-pound capacity MTS system shown in Figure 7 was
used to test the 1.5-inch thick specimens.

FIiis 7. Om&WUon.Pund MTS Testin Mac
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SECTION III

DEVELOPMENT OF PARAMETERS FOR INTENTIONAL

PRODUCTION OF WELD DEFECTS - PHASE I

A. PROCEDURES

Desired defects were produced by variations of conventional processing param-
eters which could inadvertently occur in production welding. "Salting" or deliberate
defect placement was not employed. Blanks utilized in GTA, GMA and PAW pro-
cesses were chamfered and all blanks were acid-cleaned prior to welding, unless
otherwise specified. A summary of all approaches considered in intentional manu-
facturi' of defects is presented below. Detailed data on parameters utilized in these
studies are discussed in Subsection B.

1. Poros ity

The approaches used were:

* Variation of weld parameters - speed, voltage, amperage

* Lack of sufficient cleaning

* Application of a shop fluid to the faying surfaces, i.e. , water-soluble cutting
oil, vacuum oil, hydraulic oil, hydrocarbon oil, vacuum grease

* Dry abrasive blast resdue

* Acid residue - HF/HNO3/H 2 0

• Sawcut edges

o Titanium oxide layer - formed by immersion in HNO3 solution.

The methods which produced defects in the most reproducible fashion were
selected for use in fabricating tests specimens.

2. Mismatch

This defect was produced by placing aluminum shims of different thicknesses
under one of the two plates to be welded, thereby creating a mismatch.

3. Underfil!

The specimens were produoed by eliminating the filler wire aW/or increasing
the welding speed.
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4. Surface Contamination

The methods used to obtain this type of defect were:

9 Electron-Beam (EB) Welding - applying vacuum grease or vacuum oil on
faying surfaces

* Gas-Tungsten-Arc (GTA) and Plasma-Arc Welding (PAW) - varying flow of
inert shielding gases.

5. Lack of Penetration

The method used to obtain lack of penetration in EB welds consisted of re-

ducing power to obtain a wider yet less penetrating beam. For OMA welds, this de-
fect was produced by decreasing the amperage and increasing the travel speed.

6. Reinforcement

Reinforcement was produced in PAW and GTA weldments by varying the weld
speed and/or use of filler wire, and by increasing the feed rate of the filler wire,
respectively.

7. Undercut.

Undercuts were produced in PAW weldments by increasing the orifice gas flow
rate, amperage and weld speed. In GTA welds undercuts were produced by increas-
ig the arc amperage on the second pass.

8. Inclusions
Tungsten Inclusions~ were produced in (ITA weidments by "TIG Tacking", a

technique which allows the electrode to touch the weld puddle.

9. Bursts

intentional generation of bursts in EB weldinnts included consderation of the
followtn variables:

SGeometry ot weld blanks. . Sta rd locking passes

* -Weld Wped Use ocopper chills

* .Best input * Welding on ltAs

* Repetitive passes

A suceusful method for burst generation In 1. $-in4hick ES weldments was
develed based on a potfhesis pertaining to the chan e in the shape of tho molten
puddlo aocomapsz~tng the transition from MW to: partial penetvatIon

10.

Atnmt to prodce crack. Involved weldlq under reraied oondtos sd/ou r
stratifg of exitinu welds by elrnumeentia weldn to bamckp assembli s



11. Base Metal Fatigue Endurance

Fatigue characteristics of 0. 080- and 0.25-inch-thick base-metal specimens
were evaluated at stress intensity (Kt) factors of one (unnotched), two and three.
The fatigue endurance of 1.5-inch-thick base-metal specimens was determined only
in the unnotched condition. Data obtained are presented in Appendix A, Table A-9.
Base-metal fatigue endurance curves at several stress intensity levels served as a
basis for ovaluating the effect of weld anomalies on fatigue characteristics.

B. DEMONSTRATION OF THE FEASIBILITY OF GENERATING INTENTIONAL
DEFECTS

The following summarizes efforts designed to demonstrate the feasibility of
generating intentional defects by simulating variations in parameters which could be
inadvertently encountered in production welding. Most of these studies .were con-
ducted in Phase I of the program which preceded fabrication and testng bf EB, PA,
GTA and GMA welded specimens containing internal or external defects.- he result4
of these studies are summarized below. Detailed data pertaining to weld parameters
and defect characterization are presented in Appendix A, Tables A-i through A-8.

1. Porosity

a. Gas-Tnsten-Arc Weldig. Porosity was introduced into the weld by two
methods (1i) exposure of faying surfaces to shop environment prior to welding and,
(2) addition of hydrocarbon oil to the faying surface by wiping, duplicating shop con-

tamination. The weld profile obtained by this process is shown in Figure. 8.

Method 1 introduced spaced porosity with an average pore size of 0.007 inch
(based on radiographic interpretation). It was not a clustered type of porosity, but
spaced linear porosity located predominately on one side of the weld; this was the
side exposed to shop air for 48 hours while in the weld fixture. The mating half was
radiographically clean.

Method 2 produced spaced porosity located along the outer edges of the weld..
This porosity was sited to be 0.007 to 0.020 inch, with an average pore size of
0.016 inch based on radiographic examination. Metallographic examination Indicated
clusters of extremely fine porosity located throughout the grain and grain boundary
similar to Figure 9. Figure 10 illustrates a 0.01$ inch pore detected n the 90TA-
PX42 weld.

b. Gsa-Metal-Are Weldng. Porosity in GMA welds could be generated by three •
methods: (1) expOsure to sWP environment followed by application of machining oil,
(2) grit blasting of faying surftes, and (3) exposure to shop environment followed by
handling without protective $loves. A micr graph of a typical pore generated in GMA
weldmenta is shown tn Figure 13,

c. E-ectvee. Weld~s. Sowral techiques were utilited to introduoe porosity
into electrn-beau welded Joints, Twenty-one welds, us:0g variou teohiiques,
wel made to prodcke porescty-€ontalning welds 4EB-PX I through 4EB-PX-21.
The successful techniques were: (1) Dxy abrasion grit blasting without subsequent
acid leaning of mtlledges, (2) Saw-out edes - solvent wiped only, no acid
cleanig, (3) Variation in weld Vwed - milled edges* (4) .Addition of water-
soluble cuttin fluid to foyng auface - milled and saw cut edges, (5) Combinations
of Dams (2), (3)9 and (4).
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Dry abrasion grit blasting produced porosity on the side of the weld which had
the abrasion grit residue. In this case, aluminum oxide grit was applied to milled
surfaces without subsequent acid cleaning. This generated porosity was approxi-
mately 0.005 inch in size and linear in nature. This weld is identified as 4EB-PX-1
(Figure 11).

The use of saw-cut edges to introduce porosity was also successful; the poros-
ity generated by this technique was of the scattered-linear type and ranged in size
from 0.005 to 0.015 inch. This is demonstrated by Welds 4EB-PX-6 and 9 (Figure
12). Variations in weld speed (Welds 4EB-PX-17 and 19) also produced similar poros-
ity distribution, with the porosity size increasing as the weld speed increased.

The addition of a water-soluble saw cutting oil to the faying surfaces was ex-
tremely effective in the generation of porosity, This technique, together with the in-
crease in welding speed and saw cut edges, resulted in the porosity shown in Figures
14 and 15.

Mfetallurgical sectioning performed on the root side of Weld 4EB-PX-21, pol-
ished parallel to the welding direction 0.025 inch into the base metal, revealed a
double-track porosity with sizes ranging from less than 0.001 inch in diameter to
0.005 inch in diameter (Figure 16)

d. Plasma-Arc Weld!rn. Porosity was Introduced into the weld by applying
either hydrocaron oil or acid to the faying surfaces just prior to welding.

Method I introduced linear porosity at the side of the weld to which hydro-
carbon oil was applied, as represented by Weld 4PAW-PX -2. This allowed place.
ment of the porosity to either or both sides of the weld. The porosity developed by

* this technique ranged between 0.005 to 0.020 Inch with an average size of 0.010 inch.
The distribution was of a conti nous linear type.

Method 2, the acid-cleaning residue (11F -ItNO -t12O), is represented by Weld
4PAW-PX-3. This produced liear type porosity wih a aize range of 0.003 to 0.010
inch maximum, with an average size of 0.005 Inch. Figures 17, 1$, and 19 illustrate
4PAW-PX series weld profiles and associated poresity,

2. Lack of Ponetration

Mn Phase I, it was necessary to produce this defect in 0. 2 0 irnh-thick electron-
beam weldments. Two approaches were used: (1) missini seams, ad (2) varying the
applied voltage, amperage, focus current ad weld speed. It was found that the most
Importat variable was focuo current. &Sttlns were developed to poduce buth welds
with approdmstety SO4 Ad 80% penetration. Welds 4ED-LPX--I-2 and -3 represmt
Method I and Welds 4B-LM-4 and -5 represent Method 2.

Figures 20 and 21 illustrate the welds produced by the missed seam technique.
Figures 22 and 23 Illustrate the parameter variation technique. The two defect levels
selected were 705 and 9011 penetration. The teohnique selected for Phase It specimen
production was that of varyig beam ptwer.
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3. Undercut

I. Phase , this defect was produced in the 0.250 inch plasma-arc weldments.

Two approaches were used: (1) elimination of filler wire, and (2) increasing orifice
gas flow. The initial approach (eliminating filler wire) produced underfills. The
second approach (increasing orifice gas flow from 10cfm to 13cfm and 15cfm, in-
creasing the welding speed and eliminating filler wire) resulted in the generation of
two levels of undercut - 0.004 and 0.010 inch. Weld 4PAW-UCX-3 (Figure 24) con-
taltaed 0.004 inch undercut. Weld 4-PAW-UCX-3 (Figure 25) contained 0.011 inch
undercut. Further increases in orifice gas flow resulted in the generation of
C. 022-inch-deep undercut (Figure 26). The parameters utilized in production of
0. 022-inch-undercut, however, resulted in the generation of additional defects in
the first half of the weld.

4. Underf-l

In Phase I, this defect was produced in the 0.090-inch-thick GTA weldments.
The two welds produced (9GTA-UFX-1 and -2) are shown in Figure 27. These weld-
ments were produced by varying the weld travel speed without the use of filler wire.
Welds 9GTA-UFX-1 and -2 resulted in underfills of 0.011 and 0.022 inch.

5. Inclusions

Several approaches were evaluated for incorporating tungsten into the molten
puddle on GTA welding. The initial approach was to introduce tungsten into the weld
puddle by tack welding the two plates together in the weld fixture and allowing the
electrode to touch the weld puddle, depositing tungsten. The deposit was then covered
with weld metal using a single-pass weld. Radiographic examination indicated the
tungsten inclusion to be pore-free. However, metallographic sectioning revealed tirat
tungsten sank to the bottom of the weld, resulting in an unusable weld defect, since
the inclusion would be removed when the weld beadwas machined flush. Several ad-
ditional attempts were made using two-pass and three-pass weld operations with the
tungsten being placed prior to the last pass. Success was finally achieved on a random
basis using the two-pass system.

There was no way to predict whether a tungsten inclusion would be located in a
usable portion of the weld. The ability to develop defects of different sizes is solely
a function of the mass of the tungsten electrode breaking off in the puddle. The tung-
sten electrodes used were of the 2% thoriated tungsten type with diameters varying
from 0.020 to 0.060 inch. Various taper lengths were also used in an effort to gen-
erate tungsten inclusions.

Examination of Figure 28, which shows metallurgical cross-sections of a 12-
inch-long weld, reveals the r- dom nature of this operation, Seven tungsten
deposits were made utilizing the two-pass technique and, in all cases, the tung-
sten sank towards the bottom of the weld puddle resulting in two useable samples.
They had approximately rectangular configurations ranging in size from 0.005 to
0.050 inch.

6. Mismatch

This defect was obtained by the addition of shims under one .of the two butting
plates. Shims of 0.016 and 0.025 inch were used to establish the two defect levels.
The fabrication of this specimen utilized acid-cleaned, milledplates. Measurementb
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Figure 24. Slight Undercu in Weld 4PAW-UCX-3 RIM 25. Intern idte.Depti Undercu In
(OX MAO) Wald 4PAWUCX.4 (lOX MAG)

Figure 26. Emxtwo Undercut In Weld 4PAW- Figure 27. Underf ill In Welds 9GTA-UFX-1 and
UCX-5 (lOX MAG) -2 MA.X MAG)

Figure 28. Metaliographic Section of a GTA Figure 29. Metaliographlc Section of Welds
Test Weld Showing Tungsten Inclu. 9GTA.M5X-1, 2 Showing the In-
sions. MAiX MAO) tended Mimtch (4X MAO)
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performed on metallographic sections of 0.080 inch GTA welds (Figure 29) revealed
offsets of 0. 013 and 0.023 inch for 0. 016- and 0.025-inch shL-ms, respectively.
Radiographic examination revealed that both welds were pore-free.

7. Reinforcement

The concept of reinforcement identifies the weld dfect in which the weld bead
is left intact and the height of the crown is varied, concurrently changing the angle
of departure of the crown from the base metal. The feasibility of intentionally pro-
ducing this defect was demonstrated on two 0.25-inch PAW specimens which had sig-
nificant variations in crown height and were free from internal defects.

8. Surface Contamination

This defect was produced by two welding processes - electron-beam welding
(EBW) and plasma-arc welding (PAW).

a. Electron-Beam Welding. The approach used in EB welding was to apply vacuum
grease (Dow Corning-971V silicon vacuum lubricant) to the faying surfaces of
the weld joint (Weld 4EB..SUX-4). Additional samples were also produced using a
light coat (4EB-SUX-1) and a heavy coat (4EB-SUX-2) of vacuum oil, and one with
hydrocarbon oil (4EB-SUX-3). Hardness readings performed on cross-sections of
all four samples revealed no hardness increase attributable to surface contamination.
All hardness readings (Figure 30) were taken from the weld crown inward using a
standard microhardness testing device with a 100-gram load. Weld 4EB-SUX-4 is
shown in Figure 31. No hardness increase was detected in any of the welds ex-
amined.

b. Plasma-Arc Welding. Surface contamination in plasma-arc weldments was pro-
duced by varying the flow of shielding and orifice gases. Three specimens were
fabricated. The first specimen (4PAW-SUX-1) was produced with the flow of all
gases, except the orifice gas, being reduced by 75%. The second specimen
(4PAW-SUX-2) was produced with the flow of all gases, except the orifice gas,

1being reduced by 50%. The third specimen (4PAW-SUX-3) was produced with
the flow of all gases being normal except the trailing gas shield, which was turned
off. These welds are shown in Figures 32, 33 and 34.

Metallographic examination of each weld revealed a normal microstructure
except for Weld 4PAW-SUX-3 which exhibited a surface layer of alpha grains. The
microstructures of all three weldments are shown in Figures 35, 36, 37 and 38.
Hardness traverses performed on each weld from the weld crown inward revealed a
hardness increase only for Weld 4PAW-SUX-3. These hardness traverses are shown
In Figure 39. In each case, duplicate traverses were performed to verify the re-
sults.

9. Cracks

The initial attempts to produce cracks were based on welding blank halves to-
gether under high restraint conditions, with sufficient weld passes applied to intro-
duce weld cracking. This restraint condition was developed by welding the blank

ihalves, 19x30xl-3/4, to 2-inch Ti-6A-4V STA backing plate. Welding of these
plates to the backing plates was initially accomplished by manual GTA welding. Weld
4EB-SHX-1 was fabricated this way. Inability to eliminate the preweld butt joint gap
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Figure 31. Wait! 4EB4SUX-4. Microhardness Figure 32. Weld 4PAW-$UX-1. Surface Con-
Traces on Weld Crons Section tamination Resulting from Gas-Flow-
IIOX MAO) Rat. Variation*

Figure U Weld 4PAW4UX-2. Surface Con. Figure 34. Wald 4PAW4UX.3. Surface Coni-
termination Resuting from Ons Flow taminatlon Resulting from G3as Flow
Rate Varietion# Rate Varkotlon*

*The arrow Indicates the locatlon where the
metalluirgicel section was made for the mlaro-
hiardness survey

26



FIgure 35. Crow*Weon of Weld 4PAW4UX-1 FWgur 31. Crow4ection of Weld 4PAW4UX42
(lOX MAO) (lOX MAO)

Filmr 37. Cruee4egjo of Weld 4PAW4UX-. Figur 31L Weld 4PAWSUX-3 Hrdeute 3whim
The Ciruled Arm Idwtffhe Arm Loyer mod Mluohudn Iiaiism
Wherewd $wn~ uveysWereCon- tuX MAG)
do"d. 00OX MAO)
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necessitated the addition of tooling bolts and a change to EB fillet welding to attach
blank halves to the strongback plates. This technique was utilized to produce th3 re-
maining specimens (Weld 4EB-CX-2 and 4PAW-CX-1 and 2). Figure 40 illustrates
the plate/backing configuration.

Joining of blank halves was performed using a single weld pass without the use
of filler wire, with a cool-down to room temperature between each pass. Each new
weld pass was applied in the same direction as the previous pass. Both, plasma-
arc and electron-beam welding processes were utilized n the initial studies con-
ducted on 0.25-nch-thick plate.

a. Plasma-Are Welding. Two fully restrained specimens were fabricated (Welds
4PAW-CX-1 and -2). The technique used was one of continually increasing the heat
input until the keyhole conditions were obtained. No filler wire was used. Seven
passes were applied to Weld 4PAW-CX-1 with a change in the weld direction in the
second pass. Dye-penetrant and radiographic inspection performed on this weld be-
tween passes (see Appendix A) failed to reveal any crack indications. During the
seventh weld pass, the weld metal dropped through the weld joint, resulting in the
termination of subsequent welding. The second specimen (Weld 4PAW-CX-2) was
subjected to six passes with intermediate NDI (dye penetrant and radiographic) be-
tween passes. The weld remained intact after the 6th pass. Results of in-process
NDI indicated that no cracks could be produced under these restraint conditions.

b. Electron-Beam Welding. Two fully restrained specimens were produced (Welds
4EB-CX-1 and -2). The technique used was one of repeated weld passes. Weld 4EB-
CX-1 was unusable after two weld passes, due to the excessive weld joint gap caused
by the existing GTA welds which joined the weld plates to the etrongback.

Weld 4EB-CX-2 was subjected to eleven weld passes with Intermediate dye
penetrant and radiographic inspections. In an effort to minimize weld drop through,
the heat input was decreased and the assembly allowed to cool between welding
passes. No cracks were detected by in-process NDI. Metallography performed on
this weld after completion of the I1th pass revealed a. satisfactory microstructure
with excessive underfill, but no cracks (Figure 41).

c. Stressing of Existit Root Welds

In the subsequent attempt to generate cracks in Ti-6AI-4V weldmenta, two
halves of a 0. 25-inch weld blank were positioned on the backup plate so that the fayt g
surfaces were located directly over the slot machined in the backup plate as shown In
Figure 42. A low-penetratIon, msmal PAW poss was mde to join the halves. The
blank was subsequently welded to the backup plate by circumfereltiol PAW passes on
all four sides .The rationale for this approach was based on calculations indicating
that considerable multlaxial stresses should be generated In the root weld by circum-
ferential welding. No cracks were detected In the root weld, however, as revealed

* by subsequent radographi c inspection,

A review of available information on the susceptibility to croking of TI4AI-4V
welds indicated that cracking did not occur under any of the restraint conditions util-
ized In previous or current studies, and that isolated occurrences ot cracka were
assoclated with severe contaminating eonditior either on welding or subsequent
testing. These findings were verified by the results ot the present studies. Trasuverse
cracks were detected only on surfaces of GTA welds produced under tilolly on-
tamlnstu conditione.
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10. Bursts

Bursts have been occasionally detected at the terminals of EB welds produced
without the use of end tabs. Attempts to produce bursts in experimental configura-
tions In the past resulted in Inconsistent results. Although a burst could be occa-
sonally produced by experimental techniques, attempts to reproduce a burst forma-
tion by Identical parameters were only partially successful. Methods evaluated in
the course of initial burst generation studies involved variation of such parameters
as weld blank geometry, weld speed, hea input, repeated passes, staggered looking,
copper ohill aud insert molding.

Configuration I (Figure 43) was utilized for Welds 4EB-BX-1U through -4U.
This geometric design Introduced abrupt changes In the electron-beam/base metal
interface and allowed Intermittent entries and exits of the beam during the opera-
tion. Allweidlg wa performed in a continuous unidirectional mode. Initial welds
md reweld cycles performed on this configuration (varying weld speed and heat input)
were unsuccessful. Metallographic examinations performed on segments of each
weld between reweld operations verified the lack of burst defects, confirming the
radiographic examination results.

Configuration 2 (Figure 44) was utilized for Welds 4EB-BX-IV through -4V.
This geometric design.Introduced similar abrupt chanpe In the electron-beam/base
metal Interface as did Configuration 1. The 45-degree angle of departure of the out-
out away from the weld line was not as abrupt as on Configuration I. All weldtng was
performed In a continuous, unidIrectional, single-pass mode. Initial welds aM re-
weld cycles performed on this configuration -(varying weld speed and heat input) were
all unsuccessful. Metallographic examination performed on segments of each weld
between reweld operations verified the lack of burst defects, confirming the radio-
graphic examination results..

Configuratio 3 (Figure 45) represented a modification of Configuraton 1. The
number of 90-degree cutouts was reduced in order to Increase the amount of restratint
exerted on the weld bead, The weld direction was changed to allow welding from the
center hole outward using a single-pass mode. Welds 4EB-BX45U, -6U and -711 were
welded using this conflguation Rewelding was not performed on this voviasr , --
Radlogrphio examination of these welds failed to Indloite / , . .

Configurations 4 and 6 a"e Ahwn In Figure 46. 'i Configuration 4, he cutaut
was left open and the halves wer Joied b two EB psee,. The first pas wua
partial ti*uor, pwo and the second was a full-pentration pass. Copper ban
wore placed alongside.the weld to accelerate solidit These parameters were-
utilized uI fabriatonof Weld 4EB-BX-D Vi.

Configuration Incorporated a fitted plu of identical thickness mtrial inside
the cutout opeOPi. Weld 4Ef 2-X.-OU was faMicated by the operational mquence
used for Weld 4e -BX-B v. Rdlraphic examilation of both welds indkcated that no
burst were generated

Codiguraton 6 oonsisted of a sh**M butt ont produced by a full-length par-
tial-penetralloa (0. 060-Inch deep) looking pass (Weld 4ED2-C-10) or a full-length,
deeper penetration (0.100-inch deep) lodkig pass (Weld 4fl8-SX-iS) tollowed by a
single, hdil-enuetratou pass In the same directiou. 0opper bars were used to accel-
erate weld chillig and weld restrtint formatio 4 Raioaphie examinaton of the
welds Indinated that no Wurote were formed.
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Coriftguration 7 consisted of a straight butt Jdan produced biy intermittent
looking pm.ses0s060-inch-deep pan for Weld 4EB-2-BX-llan 0.250-ich-dee
pas for Weld 4EB-2-EC-14. These looking passes were followed by a single,, full-
penetration pass in the sme direction. Copper chifl ban were utilized to acceler-
ate weld chilling and weld restraint formation. Radiographic examination of both
weidmeits Indicated no burts.

Configuration S, represented by Weld 4EB-EBC-12v was produced by Joining
halves of the weld blank using a single, full-penetration EBW pass. Two 3/8-inoh-
diameter by 1/2-inch-high TI-6A1-4V plugs were placed on the face of the weld In
such a way that the ceterline of the round plugvua perpendicular to the longitudinial
axis of the weldmemi. The assembly was rewelded using the second,, fuil-peaetra-
tion pass. The objective of this approach was to intoduce variations in the cooling
rate along the length of the weld. The plugs were then cPA off and a cosmetic pass
was applied to the face of the weldment. A rgraphic eainto of the weld did

ohwever, indicate formation vt bursts.

ConfIguration 9, represented by Weld 4EB2-BX-150 utilized tbe existing 4EB2-
BX-13 Oft assembly. Two 3/8-lnch-diameter, throva-hole were drilled Ilaw the

* weld four inches apart perpendiularly to the toqitlaiaxi weOf the WOld. TWO 3/8-
inch-diameter TI-WA-4v plugs (one S/4 inch long and ane other 7/8 Inch long) were
inserted and positione flush with the upper surface. A single, full-Lmogthf full-
penetration pass was made along the existing weld and through the centers of Inserts.

Radigrahicexamtnation of this Plate Indicated thW no bursts were generated.,

Conftguration 10 (Figure 47), represented. by Weld 4EB2-BC-16, was a, com-
bination of all previous desig conceWis. It contained offset outouts with metal. plugs
welded Io place simulating sar/stop run-off tabs.. The fill-In phug were 3/-Inch-
wide, 1-118-inch-In ad were equal In thiess to the metal plate. On the underside
of the plate, several 1/2-Inch-square Ti-GAl-4V baun were located so that the loam
gitudinal axsa of the weld was perpendicular to the longitudina axis of the Mqare bars.
These barn, locatetd in five places, almulated the effet of the election-beam eoder-
log ad eiting a perpendicular segment of be metal, tasnoly -Increasin or
decreasing-the effective thickness, of the weld. Welding was accompll...d in a 810gle-
pmo opeation. Ha*iophc examinNtio of this pOW indicated tha no burs were

At the coacluion of the Phas I efforts, o*l three burst deets ould be pro-
duced thr in 0. 280-inch PAW wuidment and oae in 0, 090-Inch ES weldmnmts). The
TelT Wocalon however, was similar to that enonee npoutnaWelding, Ths
buret dees could not be rerdcduiiigIdenticl Woluala &W~ param-

IUpa concluio of the Initial utudies. findins ot on. Indeendt L watigation
(Ref, 1) became, available Web ndicated tha the formation of buret daeecs in EB
weidwests maty be relate to a oag in the cofguratiou of themltnpde
aloompayfn the transition from a partil to t ED penetnaIon. I ft a posbtad

* ha bursts could be formed oo non-aniorm oalidiftestion of tho molten metal In fl's
vicinity ot a tree law~face upft rapid coolifollowing extinction of t* beam. ftg-
ani 48 IlustrAes this *po~baais.

Dmak"nsl chaater~stivs of an ezpertmeuW weld blank designed to test the
validt of Wbs hypodh"ss ale, sbofwia n Figur 49. In thes bla~rs. chapgs in do.
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a. Top View (Arrows indcae location of bursts and the direction of EBW pms)

b. Side View

Figure 30. Contoured Welding Blank Used in Burst-Generation Studies.
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a. Top View

b. Side View

Figure 51. Radiographs Showing Indication of Burst (5X MAG)
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puddle configurations were to be obtained by varying the thickness of the blank seg-
ments. Conditions of rapid cooling were simulated by inserting round slide-fitting
plugs into openings of the weld-blank-assembly as shown in Figure 50, It was pos-
tulated that as the beam entered the plug, the expansion of the plug would bring it
into intimate contact with the surrounding (and much cooler) mass of metal and
thus simulate the conditions existing at the extinction of the beam In normal welding
practices. The EB welding pass was designed to completely penetrate thinner seg-
ments and to obtain 50 percent penetration in full-thickness sections containing plugs.
Figure 50 shows the welding assembly and locations of bursts which were success-
fully generated In five out of seven Inserts in 1-1/2-Inch-thick plates. Radiographic
indications of generated bursts are shown In Figure 51.

11. Flawless Welds

Several fatigue test specimens were machined from radlographically flawless
EB welded 0.090 and 0. 25-inch-thick blanks, GTA-welded 0. 090-inch-thick, and PA
welded 0.25-Inch-thick blanks. Welding of all blanks was performed using conven-
tional parameters designed for production welding. The machined specimens were
stress relieved and tested in tension-tension (R=0. 1) fatigue to failure at 100 ksi
(maximum) stress level The endurance values obtained were in the 50,000 to
65,000-cycle range and thus were comparable to the corresponding values of the
base metal
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SECTION IV

FATIGUE ENDURANCE OF GTA WELDMENTS

A. INTRODUCTION

This section presents data on fatigue endurance of flawless and (intentionally)
defective GTA weldments. The data are presented in the following sequence:

e General fabrication procedure * Tungsten inclusions

* Flawless welds o Mismatch

* Porous welds # Inadequate shielding

" Reinforced welds * Transverse cracks

* Minor underfills * GTA-repaired EB welds

* Minor undercuts . Summary

B. GENERAL FABRICATION PROCEDURE

Experimental GTA weldments were manufactured using a Sciaky Welder, HW27
Linde torch equipped with a No. 12 (3/4-inch ID) Lava cup and 3/32-inch thoriated
tungsten electrode. The faying surfaces of the weld blanks were machined to provide a
60-degree internal angle and 0.060 to 0. 065-inch lands.

C. FLAWLESS GTA WELDMENTS

1. 0. 080-inch Thick Welds

a. Fabrication of Experimental Welds

Radiographically flawless, 0. 080-inch-thick welds were produced on one pass
at 10 volts, 180-190 amperes, and a travel speed of 14 inches per minute. Ti-6A1-4V
filler wire was utilized at a feed rate of 35 inches per minute. Argon was used for
torch and trail shielding, and back-up applications at flow rates of 60, 60 and 5 cubic
feet per hour, respectively. No radiographic indications were detected in contoured
welds and after machining the welds flush with the surface.

b. Evaluation of Fatigue Data

Fatigue endurance values obtained are presented In Figure 52. All experi-
mental points were within the upper portion of the Kt = 1 to Kt = 2 range. The speci-
mens tested at 20 cpm failed in the base metal away from the weld (Specimen No's
9-1, 9-2 and 9-3). All specimens tested at 1800 cpm failed in the weld. The subse-
quent fractographic evaluation revealed failure initiation at the surface of the test
speoimens (Figure 53). No porosity was detected on any of the fracture surfaces.
Data on fatigue endurance values and fractographic findings for individual specimens
are listed in Appendix B, Table B-I.

39



130 -A9-3

1001

110 LCL

K 1o

70

60 
K

40 -K

30

101410~ 1061

NUMBER OF CYCLES

Figure 52. Fatigue Endurance of Flaless P.O8O-inch-Thick GTA-Welcled Specimens

Figure 53. Typical Surface Failure Initiation Site in Flaw-
lesO.060-inch-Thick OTA Weidmeont
(20 X MAG)

40



2. 0.25-Inch-Thick Welds

a. Fabrication of Experimental Welds

Radiographically flawless 0. 25-inch-thick GTA welds were produced in two
passes. Voltage and arc current settings were 13 and 14 volts, and 275 and 250
amperes for the first and second passes, respectively. The carriage travel speed
was kept constant in the range of 7.0 to 8.5 inches per minute; the wire feed was 60
inches per minute in both passes. Helium was used for torch and trailing shielding
and back-up applications at flow rates of 60, 60 and 10 cubic feet per hour, respec-
tively. No radiographic indications were detected in any of the welds after final

SI machining.
b. Evaluation of Fatigue Endurance

were Experimental fatigue endurance data are plotted in Figure 54. All data points
were located in the upper portion of the Kt = 1 to Kt = 2 range, except for specimens
7-3 and8-4 in which the failure initiation was associated with isolated 0.004-inch
pores, 0.080 and 0.10 inch from the surface, respectively. No porosity was detected
at other fracture surfaces. In six specimens, the failure initiated in the base metal
away from the weld. In the remaining four specimens, failure Initiated at either the
face or root surfaces of the weldments. Data on fatigue endur ce and fractographic
findings are listed in Appendix B, Table B-2.

D. POROUS GTA WELDS

1. .080-INCH THICK WELDS

a. Fabrication of Experimental Welds

The parameters utilized in fabricating of 0. 080-inch-thick porous welds
were identical to those utilized in production of radiographically flawless GTA welds
except that the machined and cleaned blanks were exposed for two to three weeks to
a shop environment and faying surfaces were intentionally contaminated to simulate
handling without protective equipment. Several porosity containing specimens were
also obtained from blanks intended for production of radiographically flawless speci-
mens. The prefix "F" is used to identify these specimens.

b. Evaluation of Fatigue Data

Fatigue data on experimental welds are plotted in Figure 55. It is evident
that data points are widely scattered in the Kt = 1 to Kt = 3 range except for Specimen
9-4 whose endurance fell below the Kt = 3 curve. The exceptionally low endurance
value obtained for this specimen was caused by a cluster of pores, 0.015 to 0.020-
incb in diameter. Many data points in the middle and upper portions of the Kt = 1 to
Kt = 2 range were associated with failure Initiations at isolated porosity in the range
of 0. 005 to 0. 010 inch located 0. 020 to 0. 030 inch from the surface (Specimen 4-3,
F8-4, F7-4, F8-1, 9-4). Figure 56 dhows a failure initiation associated with a
0. 007-nch internal pore in Specimen F7-4.
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Attempts to correlate fractographic findings with fatigue endurance data con-
tained in the Kt = 2 to Kt = 3 range, and the lower portion of Kt = 1 to Kt = 2 range
were only partially successful. Most of the test specimens with fatigue endurance
values in this range contained porosity in the order of 0.020 to 0.030 inch in diamete;
(about one-third of the specimen's thickness rv T/3). The presence of coarse pores
led to frequent multiple failure initiations and interaction of several fatigue zones,
both of which made it difficult to correlate the data. Results of pre-test radiography,
fatigue endurance and fractographic findings are presented in Appendix B, Table B-3.

2. 0.25-INCH-THICK-WELDS

a. Fabrication of Experimental Welds

Porosity-containing 0.25-inch-thick GTA welds were produced by omitting the
conventional cleaning cycle on blanks prior to welding. In addition, this group in-
cluded several specimens which, although welded using parameters designed to pro-
duce flawless welds, did contain porosity detectable by pre-test radiography. The
prefix "F" was used to identify these samples.

b. Evaluation of Fatigue Data

Experimental fatigue data are plotted in Figure 67. Three "F" specimens had
fatigue endurance in the range expected for flawless specimens. Isolated porosity
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detected in these specimens ranged from 0. 005 to 0. 020 Inch, anxd its distance from
the surface was in the range of 0. 040 to 0. 110 Inch (Specimens F1-1, F1-4 and F 7-2),
In specimen Fl-3,, which exhibited endurance slightly below this -range, the failure
initiated at a 0. 004-inch pore at the subsurface of the specimen. Of the three other
specimens with endurance values between the lower boundary of the flawless range
and the Xt = 2 curve, Specimen 1-2 failed In the base metal; In S~pecimen 11-4, fail-
ure Initiated at art Isolated 0. 025-inch pore 0. 090 inch from the siurface. Multiple
failure Initiations In Specimen 8-2 were associated with 0. 010 to 0. 020-inch pores
dispersed in the interior of the weld.

Failures in specimens with fatigue endurance values In the Kt = 2 to Xt =S
range were associated typically with 0. 010 to 0. 035 inch porosit 'y scattered through-
out the thickness of the specimens which caused multiple failure Initiations (Figure
58), and isolated surface or subsurface porosity, as shown In igures 59 and 80,
respectively.

Failure Initiation sites In specimens with fatigue endurance values below the
Kt = 3 curve were associated with surface, subsurface or Interior porosity clusters
as shown In Figures 61 through 03, respectively. Radiographic,, fatigue on-
durance. and fractograpbic data for 0. 25-Inch-thick porous OTA welds are sum-
marized In Appendix B, Table B-4.

E. REINFORCED GTA WELDS

1. 0. 080-INCH THICK WELDS

a. Fabrication of Experimental Welds

Reinforcement contours were obtained by lncreasirg. the feed rate of the filter
wire from 38 to 42 Inches per minute. The remaining parameters were identical to
those utilized In conventional welding. Contours of weidments were recorded by
tracing Images projected on the screen of an optical comparator at 1oX masgnlicatlon.
A typical weld contour recorded by this technique Is shown In Flgpre 65. The height
and width of the face and, root reinforcements wene 0. 015/0. 30 and 0. 015/0. 20 inch,
respectively. Nretest radiograpy showed that the volds wene free of Iteral deo-
fects.

b. Evaluation of Fatigue Data

Fatigue endurance values for the experimental welds are plotted In Figptre 64.
All points were located between the lower boundary of. the band mipected for flawless
raohiusd specimens (dotted curve) and Ohe Kt 2 curve. The failure Initiated Irw all
specimens at Me root of the weld as sownin Figure65,; neept for Secirden1-2.
in which the failure Initiated at a 0. 002-inch pore at the mid-section of the test speci-
men*

2. .2-IcIThCKWELps

a. Fabrication of Emprimental Weto

R~einforcement contours were obtained by increasing the feed rate of the filter
wire on the second puts from 60 to 70 inches per minute. The remaining parameters
were idenical to those utilized In conventional weldirg. Cotours of weidmenta were
recovded by tracing tmages projected onto the screen of an optical comparator at 1OX
woMagieatio. A typical weld contour recorded by this technque is shown to
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Figure 66. The height and width of the face and root reinforcements were 0.055/
0.75 and 0.050/0. 25 inch, respectively. Pre-test radiography had shown that the
welds were free of internal defects.

b. Evaluation of Fatigue Data

Fatigue endurance values for experimental welds are plotted in Figure 67
Although the data are limited, it is evident that fatigue endurance of these welds is
comparable to that of the base metal at the Kt = 3 level. Failure initiated In all
specimens at the root of the weld in locations designated in Figure 66

F. MINOR UNDERFILLS

1. .080-INCH-THICK WELDS

a. Fabrication of Experimental Welds

Minor underfills were obtained in 0.080-inch-thick GTA weldments by lowering
the current from 205 to 170 amperes and decreasing the filler wire feed rate on the
second pass from 35 to 10 inches per minute for Blanks 2 and 3 and to 5 inches prr
minute for Blanks 5 and 6. Typical contours of minor underfills obtained by these
techniques are shown in Figures 68 and 69. These contours were documenttd
by tracing the images on the viewing screen at loX magnification. The depth and
width of underfill for both types of welds were 0.010/0.35 and 0.015/0.35 inch,
respectively. Pretest radiography detected underfills in all specimens. All welds
were free of internal defects.

b. Evaluation of Fatigue Data

Fatigue endurance data for experimental welds are plotted in Figure 70.
Although two of the specimens with 0.010 inch underfill exceeded the 5 x 106-cycle
endurance limit in the stress range expected for flawless machined specimens, the
majority of the remaining data points were in the region between the flawless range
and the Kt = 2 curve. The scatter of experimental data and the limited number of
data points in the high-cycle region of the plot did not permit drawing of definite con-
clusions as to the effects of 0. 005-inch depth variation in shallow underfills on fatigue
characteristics. Failure initiated in all specimens at radii of underfills, except
for Specimen 3-2 in which a secondary failuro initiation was detected at a 0.004-Inch-
diameter pore in the interior of the specimen.

2. 0.25-INCH-THICK WELDS

a. Fabrication of Experimental Welds

Minor underf ills were produced In 0.25-inch-thick GTA welds by decreasing
the filler wire feed rate on the second pass from 60 to 10 inches per minute. A
typical contour of welds produced by these techniques is shown In Figure 71. The
width of this underfill was 0.8 Inch and its depth varied from 0.005 to 0.015 inch.
The width of the root reinforcement was in the 0.25 to 0. 30-inch range and Its height
was 0.050 inch. Pre-test radiography identified underfills in all specimens. There
were no indications of internal defects.

b. Evaluation of Fatigue Data

Fatigue endurance data for experimental welds are plotted in Figure 72. It
is evident that all data points were located in the lower portion of the Kt 1 to Kt 2
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FigW. 68. Typical Configuration of 0.0804ncb-Thick GTA Welds with 0.0104mbc Uraderfts

Figure 69. Typical Configuration of O.080-lnch-Thick GTA Welds with 0.015-Inch Undlerfill
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range, except for Specimen 2-1. In all weldments, the failures initiated at the root
of the weld as shown in Figure 71. A typical linear failure initiation along
radii of the root reinforcement is shown in Figure 73.

G. MINOR UNDERCUT, 0. 080-INCH-THICK WELDS

a. Fabrication of Experimental Welds

Very shallow (about 0.005 inch deep) undercuts could be produced by lowering
the wire feed rate from 35 to 20 inches per minute. The contour of a typical weld
produced by this technique is shown in Figure 74. It Is evident that in addition to
producing shallow face undercuts, a 0.015-inch-high and approximately 0.25-inch-
wide reinforcement was produced at the root side of the weld. Pre-test radi-
ography failed to reveal indications of external or internal defects.

b. Evaluation of Fatigue Data

Fatigue endurance data for experimental welds are plotted in Figure 75. All
points fell within the Kt = 1 to Kt = 2 range for the base material, and most of them
were in close proximity to the lower boundary for machined flawless specimens.
Fractography failed to indicate the reason for the somewhat lower fatigue endurance
exhibited by Specimen 11-1. The failure initiated at either face undercuts or root
reinforcement radii. There was no apparent correlation between the location of
failure initiation sites and fatigue characteristics.

1. 0.25-INCH-THICK WELDS

a. Fabrication of Experimental Welds

Undercuts were produced in 0.25-inch-thick GTA welds by Increasing the torch
travel speed on the second pass from 8 to 14 inches per minute and simultaneously
increasing the arc current from 250 to 300 amperes. Figure 76 shows a typical
weld contour obtained by these techniques. The only exception was Specimen 4-1
whose contour Is shown in Figure 77. The presence of undercuts was verified by
pre-test radiography; no internal defects were indicated. The depth of a typical
undercut shown in Figure 76 was 0.010 inch and its width was 0.125 inch. Corres-
pending values for Specimen 4-1 were 0.020 and 0.125 inch. The height of a typical
root crown wrs 0.050 inch and its width 0.25 inch. Corresponding values for Speci-
men 4-1 were 0.090 inch and 0.40 inch.

2. Evaluation of Fatigue Data

Fatigue endurance values for experimental welds are plotted in Figure 78.
All data points were in close proximity to the Kt = 3 curve. Deviation of the weld
contour in Specimen 4-1 from that of a typical weld did not result in a significant
decrease in Its fatigue endurance. Failure initiated in all specimens at the root of
the weld in locations Indicated In Figure 76. In Specimen 4-1, a secondary initi-
ation site was also detected at one of the face undercuts.
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Figure 73. Typical Linear (Root) Initiation Site In
O.25*Inch-Thick GTA Specimen vith Minor
Underfills (20X MAG)

figure 74. Typical Contour of O.080-Inch-Thlck OTA Welds with Very Minor Undercuts
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Figure 77. Contour of O.25.Inch Thick OTA yavoked Specime 4-1 with
lntentioal Undercut;
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H. TUNGSTIEN INCLUSIONS IN GTA WELDS

1. Fabrication of Experimer-tal Welds

Welds containing tungsten inclusions were prepared in three passes. The first
was a mechanized, shallow root pass without the use of filler wire. The second was
a manual pass in the course of which tungsten Inclusions were melted in. The third
was a final, mechanized pass utilizing filler wire. Contours of 0.080-Inch-thick
welds were machined flush with the base metal and the presence of tungsten was con-

'Y firmed En all welds by pre-test radiography. Data on radiographic findings are included
in Appendix B, Table B-5.

2. Evaluation of Fatigue Data

a. 0.080-Inch-Thick Welds

Fatigue endurance data for experimental welds are plotted in Figure 79.
Also shown are Kt = 1, 2, and 3 curves for the base metal, It is evident that the
data fall into two distinct groups: (1) Specimens 6-1, -2 and -3 with fatigue endur-
ance values slightly below the lower boundary of the data band for machined flawless
specimens, and (2) Specimens 4-1, -2 and -3 and 5-1 and -2 in the proximity of the
Kt = 3 curve. Fractographic evaluation of failed surfaces in the first group of spec-

i limens established the presence of internal inclusions as shown in Figure 80. In
specimens with fatigue endurance in the proximity of the Kt = 3 curve, tungsten in-
clitsions were exposed to the surface as shown in Figures 81 and 82. Approximate
dimensions of Inclusions$ as determined by measurements or radiographic films,
varied from 0. 100 x 0.050 inch to 0. 025 x 0.015 inch In the first group and from
0.150 x 0,100 Inch to 0.050 x 0.055 inch for the second group of specimens. No
correlations between inclusion size variation and fatigue endurance were readily
detectable. Data on pre-test radlographic evaluations, fatigue endurance and fracto-
graphic studies are included in Appendix B, Table B-5.

b. 0. tS-Inch-Thick GTA Welds

A typical contour of 0.25-inch-thick.GTA welds prepared in the course of this
study is shown in Figure 83. Fatigue endurance values of these specimens are
plotted in Figure 84. The data points fell in close promimity to the K =3 curve
and were thus comparable to those of the 0.25-inch-thick GTA welds *ith minor re-
inforcements as shown in Figure 67. In all welds, the failure initiated at the root
In locations designated in Figure 83. Examination of fractured surfaces failed to
detect the presence of inclusions. Accordingly, it appears that the weld contour was
the limiting factor as far as fatigue endurance Is concerned. Figure 85 shows a
typical linear failure Initiation which occurred at the root of the weld.

L MISMATCH

1. Fabrication of Ex"erimental Welds

Welds with intentionally mismatched faying surfaces, were produced by Inserting
0.016 or 0.025-inch-thick shims under one of the welding blank halves to be joined.
Representative profiles of welds obtained by these techniques were documented using
Images on optical comparators at lOX magnification (see Figures 86 and 87).
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Pre-test radiography showed that the reduced sections of test specimens were free

of internal defects.

b. Evaluation of Fatigue Data

Fatigue endurance results for experimrtal welds are plotted in Figure 88.
No significant variations were qpparent in the -atigue endurance of specimens with
0.015-inch mismatch (Specimen 1-1, -2 and -3) and 0.025-inch mismatch (Specimen
4-1, 5-1, -2, -3, and -4). All data points fell in the Kt = 2 to Kt = 3 range. Failures
initiated in all specimens at thc root of the weld in locations indicated in Figures
85 and 86. Figure 89 illustrates a typical failure initiation site at the root of
the weld.

2. MISMATCHED - 0.25-INCH-THICK WELDS

a. Fabrication of Experimental Welds

Welds with intentionally mismatched faying surfaces were produced by inserting
0.010 and 0. 036-inch-thick shims under one of the halves of the welding blank to be
joined. Typical profiles of welds produced by these techniques were recorded by
tracing their images on an optical comparator at 1oX magnification (see Figures 90
and 91.

b. Evaluation of Fatigue Data

Fatigue endurance data for experimental welds are plotted in Figure 92. A
significant difference could be detected in the fatigue characteristics of specimens
with 0. 010-inch mismatch which were located above the Kt = 3 curve and of specimens
with 0. 036-inch mismatch for which data points fell below the Kt = 3 curve. Failure
initiated in all specimens at the root of the weld in locations indicated in Figures
90 and 91. Figure 93 illustrates a typical linear failure initiation detected in
mismatch-type welds. No porosity was detected in any of the failure surfaces ex-
cept fn Specimen 3-1 in which an isolated 0.003-inch pore was detected in the interior.
The failure initiation was not related to this pore.

J. GTA WELDS PRODUCED UNDER INTENTIONALLY INADEQUATE SHIELDING

CONDITIONS

1. .080-INCH-THICK WELDS

a. Fabrication of Experimental Welds

Three experimental welds were produced utilizing the following deviations
from conventional shielding p~rameters: Weld No. 1. The flow of torch shielding
gas (argon) was reduced from 60 to 30 cubic feet per hour and the trailing shield
was completely eliminated; Weld No. 2. This weld was produced in two passes;
in the first pass, the flow of torch shielding gas was reduced from 60 to 30 cubic
feet per hour and the trailing shield was completely eliminated; and Weld No. 3.
This weld was produced in three passes; the flow of trailing shield gas (argon) varied
from 20 cubic feet per hour to none to 60 cubic feet per hour in the first, second
and thir' passes, respectively. Typical contours of specimens machined from these
welds are shown in Figures 94, 95 and 06. These contours were recorded
utilizing optical comparator images at 1OX magnification. Pre-test radiography
indicated no internal defects in any of the specimens. The color of the weld beads
produced under inadquate shilding condition varied from light or medium blue to
gray.
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Figure 89. Typical Failure Initiation Site at the Root of a 0.080-
Inch-Thick GTA-Welded Specimen With Mismatched
Faying Surfaces (20X MAG)

FAILURE INITIATION

Figure 90. Typical Contour of 0.025-inch-Thick GTA Weld With 0.010-Inch Mismatch

FAILURE INITIATION

Figure 91. Typical Contour of 0.25-Inch-Thick GTA W41~ With 0.036-Inch Mlsimtch
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Figure 94. Typical Contour of 0.080-1Inch-Thick GTA Weld No. 1 Produced Under Inadequate Shielding Conditions

Figure 96. Typical Contour of 0.080-I nch-Thick GTA Weld No. 2 Produced Under Inadequate Shielding Conditions

Figure 96. Typical Contour of 0.080Inch-Thick C3TA Weld No. 3 Produced Under Inadequate Shielding Conditions
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b. Evaluation of Fatigue Data

Fatigue endurance data for specimens machined from experimental welds are
plotted in Figure 97. All data points fell either at the lower boundary of the data
band for machined flawless weldments or were located between this boundary and
the Kt = 2 curve. The values obtained were very close to those obtained for speci-
mens welded by conventional processes (see Figure 64). Since microhardness
surveys indicated no significant hardness deviations within the weld, it appears that
variation of the shielding parameters did not result in significant contamination of
the weldments.

2. 0.25-INCH-THICK WELDS

a. Fabrication of Experimental Welds

The experimental welds were produced by eliminating (on the second pass) the
trailing shield (helium) flow in welding blanks No. 1, 3 and 4, and by reducing helium
flow from 60 to 5 cubic feet per hour in welding Blank No. 2. The remaining param-
eters were identical to those utilized in conventional welding. A typical contour of
specimens produced by these techniques is shown in Figure 98. Pre-test radio-
graphy indicated no defects in specimens machined from Blanks No. 1, 2 and 4.
Blank No. , was shown to have several transverse cracks; specimens machined
from this blank will be discussed in Paragraph K. The color of the weldments pro-
duced without the trailing shield varied from light and medium blue to gray. A re-
duction of the trailing shield gas flow from 60 to 5 cubic feet per hour resulted in
discoloration (gray) of both ends of the weldment.

b. Evaluation of Fatigue Data

Fatigue endurance data are plotted in Figure 99. The data points fell either
at the Kt = 3 curve or in the lower portion of the Kt = 2 to Kt = 3 range and were thus
comparable to the fatigue characteristics of specimens with minor reinforcements
produced by conventional welding techniques, that is, without intentional contamina-
tion (see Figure 67). The failure initiated in all specimens at the root in locations
indicated in Figure 98. In Specimen No. 2-4, a secondary failure initiation was
detected at a 0.004-inch-diameter pore 0.025 inch from the surface.

K. 0.25-INCH-THICK GTA WELDS CONTAINING TRANSVERSE CRACKS

1. Fabrication of Experimental Welds

As described in Section III, att(-mpts to initiate cracks by welding under condi-
tions of severe restraints were not successful. Transverse cracks were detected,
however, In Weld No. 3 produced under intentionally inadequate shielding conditions,
as described in Paragraph I. The visual indications of these cracks are shown in
Figure 100. The presence of cracks was confirmed by pre-test radiography. Speci-
mens 1-1 and 1-2 were rvachined from Weld No. 3 so as to include transverse cracks
in the test section of one specimen. Specimen 1-3 was machined from that portion
of the weld which did not exhibit any visual or radiographic indications. Contours of
the specimens were left intact in the course of machining.
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3'1 .1

Figure 100. Tyansverse Cracks Detected In 0.254inch.Thick GTA.Wetd
No. 3 Produced under Intentionaly Inadequatt Shielding
Conditions (Arrow Indicates.a Typical Failure Initiation
Sit.)
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The oxygen content of the weld metal was found to be 2514-ppm and 1390-ppm
for Specimens 1-1 and 1-2, respectively. Corresponding values for nitrogen were found
to be 1731-ppm and 114-ppm for Specimens 1-1 and 1-2, respectively, A micro-
hardness survey conducted on the transverse section of Specimen 1-1 indicated that
the hardness of the metal deposited during the second pass was in the 39 to 43.5 Re
range, that is, significantly higher man that of the metal deposited on the first pass.

2. Evaluation of Fatigue Data

All data points fell below the Kt = 3 curve. In Specimens 1-1 and 1-2, failure
initiated at the transverse cracks on the face of the weld in the locations shown in
Figures 100 and 101.

L. GTA-REPAIRED 0.25-INCH-THICK ELECTRON-BEAM WELDS

1. Fabrication of Experimental Welds

The face portions of EB welds containing external imperfections were machined
to remove weld metal down to one half of the original weld thickness and rewelded
by both manual and mechanized GTA techniques utilizing four and two passes, re-
spectively. Filler wire was utilized in both.repair processes. After repair welding,
both the face and root of the w,-d were machined flush with the surface. Radio-
graphy of the repaired welds indicated that all welds were free of internal defects.

2. Evaluation of Fatigue Data

Fatigue data for repaired weldments are plotted in Figure 102. There is no
significant difference in fatigue endurance of welds repaired by manual and mechanized
GTA welding techniques. All data points fell into the lower portion of the Kt &1 to
Kt = 2 range. Fractographic examination established that in all but one case (Speci-
men 2-3), failure initiated on the root side or EB-welded surface of the weld, and in
all cases, isolated pores in the 0.001 to 0.002-Inch range were detected at the initia-
tion sites. In Specimen 2-3, failure initiated at an isolated 0.003-inch pore 0.020
inch from the rootside surface. An interesting observation was made in the course of
preliminary studies designed to establish suitable repair parameters: a porosity-con-
taining EB weld was machined to remove about three-fourths of the weld metal, re-
welded using mechanized OTA techniques, and tested at 80 kel (maximum) stress '
level. The specimen failed at 3, 000 cycles. Fractographic examination of the failed
surfaces detected very fine (less than 0.001 inch) porosity throughout the remaining
portion of the EB weld. A considerable agglomeration of porosity occurred, however,
at the EB/GTA weld interface as shown in Figure 103. This finding suggests that
caution should be exercised when attempting to apply the OTA welding process to re-
pairs of internal porosity in EB welds, since fine porosity which may remain in the
weld and may not be detected on pre-repair radiography, can agglomerate at the
interface between the original and repair welds, and cause a significant decrease in
fatigue endurance.
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Figure 101. Failure Initiation Site in Specimnen No. 1-2
Containing7'ransvese Ciecks (20X MAO)
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M. SUMMARY

Fatigue endurance limits (106 cycles) for transverse 0.080- and 0. 25-inch-
thick weldments were estimated to be 75 kst aud 62 ksl, respectively.

Porous 0. 080-inch-thick weldments with fatigue endurance In Kt =1 to K t=2
range exhibited, typically, failure initiation at isolated pores, . 005 inch to . 010 inch
in diameter and 0.020 inch to 0.030 inch from the surface. Multiple failure initiation
sites were frequently encountered in K t =2 to K t =3 range. Fatigue endurance data
below the K t-3 range were associated with failure initiations at porosity clusters.

Porous 0.25-inch-thick welds with Isolated internal porosity in the range of
0. 005 to 0. 020 inch in diameter exhibited fatigue endurance comparable to flawless
specimens. Some initiation sites in the lower portion of the K t =1 to K t =2 range
were associated with fine subsurface porosity rather than coarser pores in the
Interior. Frequent multiple-initiation sites were encountered in the K t =2 to K t 3
range. Below the Kt=3 range, the failure initiation sites were, typically, associated
with porosity clusters.

Fatigue data points for 0. 080-inch-thick welds with minor face- and root-
reinforcements was in the lower portion of the K t 1  tt2 range. 0. 25-inch-thick
weldments with minor face- and root-reinforcements exhihitod fatigue endurance in
the Ktv3 ratge.

Minor underfills In 0.080- and 0. 25-Inch-thick weldments resulted in fatigue
endurance in the range between the lower boundary of the flawless data band and
K tr 2 graph. Failure in 0. 25-inch-thick specinens initiated at the root reinforce-
ments. 0.080-inch-thick weldmonts with minor undercuts exhibited fatigue endurance
In the proximity of the lower boundary for flawless specimens. Duta points for
0.25-inch-thick weldments with similla r defects were in a proximtity of the Kt u3 cur-'e,

i* and failures initiated at the root reinforcements.

Fatigue endurance of 0.080-Inch-thick welds with internl tungsten inclusions
was slightly below the data band for flawless specimens; inclusions exposed to the
surface lowedi fatigue endurance to the K t t3 range. 0. 25- inch-thick welds with
internal inclusions exhibited fatigue etdurunce in the Kt 1 range; however, the
failure initiated in all specimens at the contour of the weld,

SMismatch of faying surfaces resulted In drastic lowering of fatigue endurance
in both 0. 080- and 0. 25-inch-thick weldments.

Weldments prxluced under I.ulneq-ate shielding cond.tions exhibited consider-
able variations In fatigue endurance dtepending on the extent of (intentionall shielding
defficiencleN. Ex&'ensive deficinhlcs resulted in a1 substantlal pickup of coftaininants
and formation of '-racks.

Fatigue endurance ',f ED welds repaired by GTA techniques was In the lower
portion of the Kt vl to K t-2 range..
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SE~CTION V

FATIGUE CHARACTERISTICS OF ELECTRON BEAM (EB) WELADMENTS
PHASE II

A. INTRODUCTION

This section presents data on fatigue endurance of flawless and (intentionally)
defective FB weidments. The data are presented In the following sequence:

Flawless weldsI

*Mismatched welds

*Underfills
*Surface contamination

* Lack of penetration
e Bwrsts

*Summary

B. FLAWLIMSS WLS

1. Fabrication of Experimentnl eldmonts (0.080 and 0.25-Int-h-Thil J

Flawless ED welds were produced to generate baseline date. for' use to evalust-
tag defective welds. The welds were ma~de in accordiance with standsrd prodhuton
techniques. Both root and face contours were machined flush with the base metal.
Pretest radiography revealed no Internal defects ilt ary of the speaimeos.

2. Fatigue F~iduraunce of 0. 080-lneh-Thietk Flawless Welds .
ExperimentalI fatigue enurance values are plotted In Figure 104. SinetheA

Ktal curve tA#& constracted based on avernge values obhtained for the bate mau~l.
the scatter of data for flawleos welds appears to be within the range expected for
the pareat mnaterial. Five of: the speciments (3-2,, 3-3, 1-3, 2-2 4nd 5-2) failed in the
base met. 14 some of tho ten~ specimens which failed in the weld, fine (0).001 to
0. 002-lach-diameter) lsolated pores were detected ot the Initiation sites. Fatigue
endurm.nee ind fn etographic data are Itfated in Appenix 11 Table D -ti. Figure 205
shows a typIc~I surface failure inilutloo site encountered Ini flawless 0.060-inch-
thick El8 welded specimencs.

3. Fat~gue Mndurne of 0. 26-Inch- Thickd Flawless Weildo

Dlata for flawless 0. 26-inch-thick EB welded specimens are stqmrimpose-d on
Kcurves for the base metal io Figure 108. Fatlgwue ndurance of three of the sped-

tnefts (2-2. 2-4 and 3-1) which (MWle In the base metal was in close proximity to the
Ke'l curve. In all specimens which failed in the weld,~ fite (0.001-0.004 Inch)
porosity was dbteete at the Initiation iitW. Of the five specimnen ctintainin ltemnal
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SECTION V

FATIGUE CHARACTERISTICS OF ELECTRON BEAM (EB) WELDMENTS
PHASE HI

A. INTRODUCTION

This section presents data on fatigue endurance of flawless and (intentionallj)
defective EB weldments. The data are presented in the following sequence:

o Flawless welds

e Porous welds

* Mismatched welds

* Underfills

* Surface contamination

* Lack of penetration

• Bursts

* Summary

B. FLAWLESS WELDS

1. Fabrication of Experimental Weldments (0.080 and 0.25-Inch-Thick)

Flawless EB welds were produced to generate baseline data for use in evaluat-
ing defective welds. The welds were made in accordance with standard production
techniques. Both root and face contours were machined flush with the base metal.
Pretest radiography revealed no internal defects in any of the specimens.

2. FAtigue Endurance of 0. 080-Inch-Thick Flawless Welds

Experimental fatigue endurance values are plotted in Figure 104. Since the
Kt=l curve was constructed based on average values obtained for the base metal,
the scatter of data for flawless welds appears to be within the range expected for
the parent material. Five of the specimens (3-2, 3-3, 1-3, 2-2 and 5-2) failed in the
base metal. In some of the ten specimens which failed in the weld, fine (0.001 to
0. 002-inch-diameter) Isolated pores were detected at the initiation sites. Fatigue
endurance and fractographic data are listed in Appendix B Table B-6. Figure 105
shows a typical surface failure initiation site encountered in flawless 0. 080-inch-
thick EB welded specimens.

3. Fatigue Endurance of 0.25-Inch-Thick Flawless Welds

Data for flawless 0.25-inch-thick EB welded specimens are superimposed on
Kt curves for the base metal in Figure 106. Fatigue endurance of three of the speci-
mens (2-2, 2-4 and 3-1) which failed in the base metal was in close proximity to the
Kt=1 curve. In all specimens which failed in the weld, fine (0.001-0.004 inch)
porosity was detected at the initiation site. Of the five specimens containing internal
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porosity, three specimens (1-2, 2-1 and 3-2) were located within the normal scatter-

ing range from the Kt-4 curve. The remaining two specimens (2-3 and 3-4)
exhibited somewhat lower endurance values, although the size and location of internal
porosity found in these two specimens did not deviate appreciably from those found
in the first three samples. Fatigue endurance of specimens containing minor sub-
surface porosity (4-1, 3-3 and 4-4) were also somewhat below the expected scatter
range for base metal values. Fine (0. 001-inch diameter) pores were found throughout
the fracture surface of Specimen 4-2.

Figure 107 shows an internal failure initiation site detected in Specimen 2-1.
Figure 108 illustrates a subsurface failure initiation found in Specimen 4-3. Data on
fatigue endurance and fractographic evaluations are listed in Appendix B Table B-7.

4. Radiographically and Ultrasonically Flawless 1.5-Inch-Thick EB Welds

a. Fabrication of Experimental Welds.

The blank assembly halves were joined by an EB welding pass using a beam.
voltage of 55 kv, a beam current of 350 milliamp. and a gun travel speed of 40 ipm.
This welding pass was preceded by a locking pass (beam voltage - 30 kv, beam cur-
rent - 40 milliamp. and gun travel speed - 40 ipm) and followed by a cosmetic pass
(beam voltage - 30 kv, beam current - 100 milliamp. and gun travel speed - 30 pm).
Radiographic examination of contoured welds and subsequent radiographic and ultra-
sonic examinations of welds machined flush with the base metal surfaces did not re-
veal any indications of defects.
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Figure 104. Fatigue Enidurance of Flawless 0.080Inch-Thick EB Welds
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Figure 105. Typical Surface Failure Initiation Site in Flawless
0.080-Inch-Thick EB Welds (20 X MAG)
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Figure 106. Fatigue En -once of Flawless 0.25-Inch-Thick EB Welds
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Figure 107. Failure Initiation Site in Flawless Figure 108. Failure Initiation Site at a Linear Cluster
0.254nch-Thick EB Weld Specimen of Fine Porosity at the Subsurface of
2-1 (20X MAG) Flawless 0.25 Inch-Thick EB Weld 4-3

(20X MAG)

b. Evaluation of Fatigue Data

Fatigue endurance data for flawless 1. 5-inch-thick EB welds are plotted In Figure
109. The Kt =1 curve Indicates the fatigue endurance of 1. 5-inch-thick unnotched base-
metal specimens. All the experimental data points were In close proximity to the Kt=
curve. A few isolated pores in the 0. 002 to 0. 006-inch range were detected on fracture
surfaces. Failure Initiated in Specimen 4-2 at a 0. 006-inch pore, 0. 040-inch from the
surface.

C. POROSITY-CONTAINING WELDS

Porosity was produced in electron-beam weidments through Intentional contam-
ination of faying surfaces by extensive exposure to the following:

*Shop environment

* Acid residues simulating inadequate rinsing on pre-weld cleaning cycle

* Oil films to simulate total elimination of the pro-weld cleaning cycle

* Other techniques designed to simulate deficiencies in pre-weld preparation
which could be inadvertently encountered in welding practices.

Detailed data pertaining to the intentional contamination techniques utilized,
pro-weld radiographic and ultrasonic findings, fatigue tests and subsequent frac-
tography of failed surface are presented In Appendix B3 Tables 138 and B9. The comn-
pleto reproduction of desired defects could not be established, however, for a given
type of contamination technique or for the entire length of the weld produced by a
given method. Both face and root contours were machined flush with the surface and
specimens were stress relieved before being subjected to tension - tension fatigue
tests.
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1. 0. 080-Inch-Thick Welds

Experimental data on the fatigue characteristics of porosity-containing welds
are superimposed on Kt 1, 2 and = 3 plots for 0. 080-inch-thick base metal in
Figure 110. Conclusions based on analyses of experimental data are as follows:.

* There are no apparent deviations of data obtained in 20-cpm and 1800-cpm
tests.

* Multiple-fracture initiation pattern was predominant above 100 ksi (Line
A-A in Figure 110). In this region, no consistent relationship was apparent
between the size and location of the weld defects and weld fatigue endurance.
A typical multiple-fracture initiation is shown in Figure 111.

* Line B-B of Figure 110 separates the region containing experimental fatigue
data on specimens for the majority of which single or double linear indi-
cations were indicated by pre-test radiography (RT). In the case of single
linear RT indications, heavy concentrations of fine (about 0.001-Inch diam-
eter) porosity were detected in the face-side portion of the weld by frac-
tographic analysis. For double-line RT indications, in addition to the fine
porosity adjacent to the face of the weld, somewhat lighter concentrations
of larger (0. 002 to 0. 003-inch-diameter) porosity were detected at the root-
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Figure 109. Fatigue Endurance of Flawle. 1.5-Inch-Thick EB Welds
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Figure 110. Fatigue Properties of Porosity-Containing O.080.1nch.Thick EB Welds

side of the weld cross-section. Figure 112 shows the fracture surface of a
specimen for which double-line RT indications were obtained during pre-
test radiography. A heavy concentration of fine porosity is readily detect-
able In the face-side (top) portion of the weld. Definition of larger porosity
in the root-side portion of the weld was somewhat more difficult due to
focusing complications related to contour variations.

9 For the majority of points located to the right of Line B-B of Figure 110,
T minor scattered 0. 003-0. 008-inch porosity was indicated by radiography.

Examination of fracture surfaces confirmed radiographic findings. In addi-
tion, presence of finer 0.001 to 0.002-inch-diameter porosity was detected.
From specimens containing scattered porosity and exhibiting well-defined
failure initiation sites, samples were selected for analysis by the method
developed by Lindh and Peshak(2 ) which assigns Kt factors based on their
size and distance from the surface. In Specimen 13-1, for example, failure
occurred at a 0. 002-inch-diameter pore as shown in Figure 113. The dis-
tanoe from the center of the pore to the surface was also 0.002 inch, Thus,
the ratio of the radius to the distance from the surface (r/h) was 0.5.
For this ratio, Reference 2 estimates the value of K to be approximately 6.
This value could not be verified by experimental data.
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On the other hand, the r/h ratio for Specimen 5-1 shown in Figure 114 was
calculated to be 0. 17 and the corresponding Kt value to be approximately
2. In this case, the calculated value of Kt provides a reasonable approx-
imation for the experimental vilue. It should be noted that the location
of the initiation site in Specimen 5-1 is more closely related to the config-
urations of photoelastic models utilized in Reference 2.

2. 0.25-Inch-Thick Welds

Data on porous 0.25-inch-thick EB welds are superimposed on Kt curves for
the base metal in Figure 115. In addition to specimens with definite radiographic
indications, some specimens without RT defects were tested to verify that flawless
specimens machined from porosity-induced blanks were comparable to flawless
specimens produced by standard techniques, i.e., without intentional contamination
of faying surfaces. These specimens are identified with an "X" prefix, Both face
and root contours of all specimens were machined flush with the surface.

a. Fatigue Endurance of Specimens Without Radiographic (RT) Indications

Of seven specimens without pre-test RT indications, three (3-3X, 6-IX and
17-2X) failed in the base metal and in the remaining four (13-3X, 17- 1 X, 17-3X and
17-4X) failure initiated at isolated microporosity (0. 001 to 0. 004-inch in diameter)
as shown in Figures 116 and 117. The endurance values obtained were comparable to
those of flawless specimens produced by conventional techniques (Figure 106).

I

Figure 111. Multiple.Fracture Inltiation Pattern Figure 112. Fracture Surface of Specimen 2-1
Detected In Specimen 7.3 (20X MAG) For Which Double.Line Porosity

I ndioations Were Detected by
Prior Radiography"
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Figure 113. Failure Initiation Site in Specimen 13-1 -Figurell114. Failure Initition~ Site in Specimen 6-1
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Figure 116. Location of a 0.001.Inch.Diameter Pore Figure 117. Location of a 0.004-Inch -Dtamter Pore
On the Fracture Surface of Specimen On the Fracture Surface of Specimen
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FlIure 118. Failure Initiation at Internal Porosity Fiure 110. Subsurface Failure Initiation Situ
In Spemen 3-1 (20X MAG In Specimen 61 (20X MAGI
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1), "ntlgue I.:ndureno of Specimens with Indications of Linear (0. 003 to 0.005 inch)
Porosity.

Fatigue endurance data on specimens with linear porosity Indications (and no
other defects) wcre located in the upper portion of the KL=1 to Kt=2 rnnge and were
thus generally comparable to flawless specimens. Snecimens 3-1, 6-1, 6-2 and 6-3
were included in this group. Specimens 3-1, 6-3 and 6-2 contained internal porosity
at which failure initiated as shown in Figure 118. Flgure 119 shows two 0.003-Inch
subsurface (0.001 to 0.010 Inch fr6m the surface) pores at which fracture Initiated in
Specimen 6-1.

c. Fatigue Endurance of Specimens with Scattered 0.003 to 0. 005-Inch Porosity.

The endtirance values of the two specimens included in this group (3-2 and
31-4) were in the proximity of the Kt=2 curve. A cluster of 0.002 to 0. 003-inch
pores was detected at the subsurface of Specimen 3-2 as shown in Figure 120. Frac-
tography of Specimen 31-4 indicated a multiple failure initiation patirn.

d. Visual Surface Indications

Visual surface indications were detected in Specimens 27-2, 27-3 and 27-4
in addition to the fine linear porosity detected by radiography. These visual indi-
cations were the remaining portions of surface porosity partially removed during
machihing as shown in Figures 121 and 122. A shallow remaining contour detected
in Specimen 27-3 reduced the endurance value only moderately; a deep surface pore,
on the other hand, led to a very significant decrease in fatigue endurance in Specimens
27-2 and 27-4.

e. Fatigue Endurance of Specimens with Double-Row or Double-Line Porosity
Indications

Specimens with double-row or double-line porosity indications (Specimens
24-1, 21-2 and 29-1) exhibited massive porosity and an unpredictable failure
initiation pattern. Fatigue endurance values for these specimens were in the K t 2
to Kt = 3 range. Figure 123 illustrates massive porosity:detected at the failure
initiation site in Specimen 24-2.

f. Fatigue Endurance of Specimens Containing Pores Greater Than 0.010 Inch
In Diameter

The specimens in this group (21-1, 21-2, 21-3, 24-4, 28-1, 28-2, 31 -1 and
31-2) did not exhibit aniy uniform failure initiation pattern or fatigue'endurance
characteristic that could be correlated with the size of detected pores. In Specimen
28-1, for instance, the failure Initiation site was definitely 'associated with a sub-
surface 0.020-inch pore (Figure 124). In Specimens 31-1 (Figure 125), on the
other hand, the failure initiated at a partially removed 0. 005-inch surface pore
rather than at the 0. 020-inch pore in the interior. The topography of the region
surrounding the larger pore was definitely of the overload type. In Specimen 28-2,
the failure Initiated at the extensive Interior cluster shown in Figure 126 rather
than st the internal 0. 020 to 0. 025-inch pores indicated by radiography.
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g. Fatigue- Endurance of Specimens with Missed Seams and Large Surface Voids

Missed seams and surface voids indicated by RT in Specimens 12-2 and 13-2,
respectively, and verified by subsequent fractography are shown in Figures 127 and
128. Both defects resulted in a severe degradation of fatigue endurance as shown in
Figure 115.

3. 1, 5-Inch-Thick Welds

a. Fabrication of Experimental Welds

As stated in the previous sections, internal porosity was to be induced in exper-
imental welds by Intentional contamination of faying surfaces to simulate conditions
of inadequate cleaning which could inadvertently occur in production. In most cases,
weldments produced by these techniques contained segments without radiographic indi-
cations from which specimens could be machined to verify that experimental techniques
utilized did not lead to reduction of fatigue endurance in absence of internal porosity.
In the case of 1.5-inch-thick weldments, however, techniques utilized in inducing
porosity in 0.080 and 0.25-inch-thick welds failed to produce detectable radiographic
indications. Ore possible reason for this could be vaporization of impurities du, to
the high heat input required to obtain full penetration in a 1. 5-inch-thick joint and
removal of impurities in the vacuum environment which was facilitated by the reduced
speed of the gun travel. In subsequent attempts to induce porosity, additional contam-
inants were added to the cutting oil which was applied to faying surfaces prior to
welding. Utilization of one of these contaminants (GI powder), did result in genera-
tion of large voids in 1. 5-inch-thick EB weldments. Radiographic and ultrasonic
measurements taken on the machined face surface revealed considerable variations in
size and configuration of included voids.

b. Evaluation of Fatigue Data

Fatigue endurance data for experimental welds are plotted in Figure 129. The
solid line refers to the fatigue endurance of unnotched base-metal and specimens
machined from 1.5-4nch-thick flawless welds (whose data points were in close prox-
imity to the Kt = 1 curve.) The two dotted reference lines (RLI and RL2) were drawn
to separate data regions for specimens with distinctly different defect characteristics.

Specimens 20-2 and 15-2, with fatigue endurance in the Kt = 1 to RL1 range,
exhibited no radiographic indications except for one 0.015-inch pore indication in
Specimen 20-2. Ultrasonic measurements indicated the presence of some porosity in
Specimen 15-2 about 1/2-inch from the face surface to the full thickness. Fracto-
graphic evaluation detected some 0.002-to 0.003-inch porosity throughout the cross-
section of both specimens. In both specimens, the failure initiated at the surface.
n Specimen 15-2 the failure initiation was associated with 0.001-inch scattered poro-
sity. In Specimen 20-2 the initiation site was associated with surface and subsurface
porosity in the 0. 004 to 0. 008-inch range. As discussed in para. A, which deals
with fatigue characteristics of flawless specimens produced by conventional welding
techniques, data points for these specimens were in close proximity to the Kt= 1 curve.
The considerable deviation of data points for Specimens 20-2 and 15-2 from &e Kt - 1
curve suggests the possibility of contamination of the weld metal. Accordingly, a
comparison of the fatigue endurance of porous 1.5-inch-thick EB welds to that of the
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base metal may net. be fully justified. Figure 130 shows the failure initiation site
in Specimen 20 -2. Specimens 2 -1, 14 -1, 15 -1, 20 -1 and 2 -2 exhibited fatigue endur-
ance in the range between Reference Lines 1 and 2 (Figure 129).

The fracture surface for Specimen 2C-1 is shown in Figure 131. The failure
initiated at the face-side surface of the weld. Pre-test radiography of this specimen
failed to reveal the presence of internal defects. ltrasonic "C" scan Indicated a
void 5/S-inch from the face and subsequent fractography showed this indication to be a
0.015-inch pore at the specified location.. Additional porosity in the 0.005 to 0.015-
inch range, however, located within 0. 050 -inch from the face, was not detected.
Porosity in the 0. 004 to 0. 010 -inch range was detected by fractography at the intiation
site.,
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Figure 130. Failure Initiation Site in 1.5-inch-Thick EB-Welded Specimen 20.2
(1.X MAG)

Figure 131. Failure Initiation Site In 1.5.inch-Thick EB*Welded Specimen 20.-1
(1.5X MAG)
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I specimen 15-1, the failure initiated at a 0.115 x 0.050-inch void appoximately
5/16-1nch from the face surface as shown in Figure 132. The presence of this void
was detected by both pretest radiography and ultrasonic "C" scan inspection.

Figure 132. Failure Initiation Site in Porosity-Containing 1.5-Inch-Thick EB-Welded
Specimen 15.1 (1.5 x MAG)

Figure 133 shows the fracture surface of Specimen 14-1, where the failure
initiated at a cluster of two voids (0.040 x 0.110-inch and 0.030 x 0.030-inch, 0.080-
inch apart). Pretest radiography identified these defects as 0.050-and 0. 025-inch

voids and also reported (linear) indications of a missed seam. Figure 134 shows a
ultrasonic "C" scan printout for Specimen 14-1 which identifies the location of the
cluster and the presence of a missed seam. Fractography indicated that the lack of
penetration (due to a missed seam) was in the 0.010 to 0.020-inch range. There were

* only a few secondary failure intiation sites associated with this lack of penetration.
Figure 135 illustrates voids that are 0.140 to 0.180-inch-long and 0.090 to 0.100-
inch-wide detected at failure initiation sites in Specimens 2-1 and 2-2. The second
smaller void shown in Figure 135 was located outside the failure initiation site. Pre-
test radiography identified the internal defects as two voids with a resultant (total)
lenth of 0. 1509-inch.
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Figure 133. Failure Initiation Site in Porosity-Containing 1.5- Inch-
Thick EB-Welded Specimen 14-1 (1.5x MAG)

X., MISSED SEAM

VOID (100% AMPLITUDE I
A INCH FROM THE FACE

Figure 134. Ultrasonic "C"-Scmn Printout of Porosity-Containing
1.5-Inch-Thick EB-Weided Specimen 14.1
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Figure 135. Fracture Surface of Porosity-Containing 1.5-Inch-Thick
EB-Weided Specimen 2.2 (1.5x MAG)

Figure 136 shows the ultrasonic "C" scan printout for Specimen 2-2 in the one-
inch to full thickness range. The defects were identified as a large void located one
to,1-1/8 inch from the face (upper edge of the macrograph).

Figures 137 through 139 illustrate the type of internal defects encountered In
specimens which exhibited even lower fatigue values (data points below the RL2 Line).
The presence of defects was correctly predicted by both the pre-test radiographic and
ultrasonic tests. All these defects were sites of failure initiation. In Specimen 13-2
(Figure 139), which contained several extensive internal defects, the failure Initiated
at an edge void. Figure 140 shows the ultrasonic "Ct-scan printout for Specimen
13-2 in the 1/2 to 1-inch focusing range.

a '4'

Figure 136. Ultrasonic "C"-Scan Printout of 1.5-1nch-Thic,
EB-Welded Specimen 2,2 (Arrow indicates location
of a void lndicatlon)
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Figure 137. Internal Vold in Porous 1.5-Inch-Thick EB-Welded Specimen 13.3
(1.5X MAG)

Figure 138. Internal Voids In Porous 1.5-inch-Thick ES-Welded Specimen 18.11
1.5X MAO)
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Figure 139. Extensive Multiple Defects in Porous i.5.tnch-ThleP.
ES-Welded Specimen 13.2 (1.5x MAG)

Fioro 40.Ultasoic C"-canPritou ofPorous 16f~-hc
ES-Welded Specimen 13-2

Several we~dtitanium specimens were monitored with an advanced acoustic
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Three specimens identified as P-14 .. , - P 14-2 and P 18-1 were evaluated. Thesespecimens were monitored as shown in Figure 142 using transducers arranged for"master-slave" and "coincidence" discrimination techniques. The two techniquescombined with electronic acoustic emission signal modifications allowed only signalsfrom the cracking area to be detected. The following table shows the cycle at which
crack initiation was detected.

Specimen No. Fatigue Life Crack Initiation
(cycles) (cycles)

P 14-1 71,400 64,000

P 14-2 5,880 5,240

P 18-1 165,700 64,400
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Examination of the acoustic emission signal distribution during testing of each
specimen showed that the rates of emission were not always constant once initiation
had begun. Acoustic emission rates for samples tested on the lower part of the S/N
curve (Specimens P14-1 and P14-2) showed a fast Initial rate which slowed down
gradually prior to final failure. The specimen monitored at a higher stress (P18-1)
showed a constant rate of emission after crack initiation. Figure 143 indicates
data obtained for these specimens. These data indicate that mechanisms for acoustic
emission generation differ for different parts of the S/N curve. This is consistent
with present theories concerning crack initiation and propagation at various stress
levels. Tests performed more recently on production steel parts tend to confirm the
P14-1 and P14-2 curves.

Final correlation of the acoustic emission signal rate to the crack propagation
rate has yet to be determined. Iitial tests have determined that a consistent pattern
does emerge when samples of similar stress levels are monitored with acoustic
emission. Studies should be continued which would quantify the acoustic emission
events to the da/dn ratio. These studies should be conducted on both micro and
macro-levels. The micro-approach would attempt to correlate the individual metal-
lurgial fatigue striations with the acoustic emission events during each cycle. The
macro-program would quantify the crack growth over a number of cycles using
advanced NDI techniques. The relative growth of the crack would be measured and
correlated to the acoustic emission events. In either case, these studies can only
be continued with acoustic emission monitoring systems that have appropriate noise
discrimination techniques for accurate flaw detection and location.

P14.1 P14.2 PI&I

CYCLES CYCLES CYCLES

NOTE: SPECIMEN P142 HAO TWO INITIATION SITES WHICH APPARENTLY
.lGM AT DIFPERENT TIMES; HENCE. TWO OSTENCT CURVES,

FqmWn 141. Amft 11mW~o~ = OM ObtWknW for Pe~Is InftIiO.I sod
Ptopwoi n Thm. DsheIvo Welds
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D. MISMATCH -. 25-INCH-WELDS

1. Fabrication of Test Specimens

Mismatched joints were produced by utilizing 0.016 and 0. 025-inch shims under
one of the faying surfaces. The blanks were cleaned and welded using conventional
EB welding parameters. Pre-test radiography revealed no defect indications in any
of the specimens. The specimens were tested in the as-welded condition (no machin-
ing). Figures 144 and 145 shown actual images o!tained on an optical comparator for
both levels of mismatch.

2. Fatigue Tests

In Figure 146, the experimental data obtained are superimposed on Kt=l, =2
and =3 curves for the base metal. It is a;ident that these specimens exhibited very
low endurance values; however, there were no significant variations in data obtained
for 0. 016 and 0. 025-inch mismatch

Fractographic evaluation of fracture surfaces revealed that failure initiation
occurred at random at either the root or face of the weld. Figure 147 shows a typical
failure initiation site encountered in mismatched specimens. The test data for mis-
matched ED weldments are sumimarized in Appendix B, Table B-10.

E. INTENTIONAL UNDERFILL, 0.25-INCH-THICK WELDS

1. Fabricaton of ExPerimental Weldments

Underfill defects were produced in experimental weldments by inserting shims
between flaying surfaces at outer edges of welding blanks. A description of the shims
utilized in welding various blanks is included in Appendix U-1;1. This table also lists
fatigue test results for various widerfill configurations.

2. Fatiguo Test Results

Fatigue test data are plotted in Figure 148. These data were analyvtod to deter-
mine the correlation between endurance values and width-to-depth (W/D) ratios
determined on actual weld contours utilizing optical comparator images at 10X mapt-
Ication, For W/D ratios above 2.4, no definite correlations could be determined
between fatigue endurance values and specific W/D ratios (dotted hand in Figure 148).
A definite lowering of fatigue endurance was evident, however, at W/1) ratios in the
1. 4 to 1. 0 range and below.

iwo of the sp cimens failed at the root. In these specimens, the wold metal
penetrated below the lower surface of the joint forming a narrow reinforcement
type contour with sharp radii which caused failure initiation at this site.
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Width and depth measurements taken on each usiderfill configuration are included in
Appendix B, Table B-11. 'Figure 149 shows a typical failure Initiation at the radius

of an underfill.

k.F. SURFACE CONTAMINATION -0.25-INCH-IHICK WELDS

1. Fabrication of Experimental Weldments

After conventional acid cleaning, fayIng surfaces were wiped with a cloth
wetted with Mobil SB12FOB4420EM vauum oil. All other operating parameters
were identical to those utilized in conventional welding. Both root and face aurfaces
of the weld were left intact, that is, in the as-welded condition. Pre-test radio-
graphy indicated all specimens to be free from internal defects.

2. Evaluation of Fatigue Test Results

The generated data are plotted in Figure 150. Since the obtained endurance
values are in close proximity to the Kt=3 curve, they are comparable to values
expected for conventional weldments tested without prior machining of weld contours.
A typical contour of weldments produced in the course of these studies is shown in
Figure 151.

The results of a microhardness survey conducted on cross-sections of con-
taminated welds are shown in Figure 152. No significant microhardness variations
were detected.

Fractographic analysis detected fine, scattered 0. 001-inch porosity in one of
the specimens (Figure 153. Numerical data on fatigue endurance values and results
of fractographic evaluations are presented in Appendix B, Table B-12.

G. LACK OF PENETRATION - 1.5-INCH-THICK WELDMENTS

4 1. Fabrication of Experimental Welds.

Two levels of lack-of-penetration were obtained by decreasing the beam, voltage
and beam current settings and increasing travel speed on the final weld pass (which
followed the locking pass.) Minor and extensive lack-of-penetration levels were ob-
rained by decreasing the 55kv and 300 milliamp. settings utilized in conventional
manufacturing to 45kv - 275 milliamp. and 40 kv -250 milliamp, respectively. In
addition, travel speed was increased in both cases from 40 to 45-ipm. Incomplete
fusion was detected by both, radiographic and ultrasonic "C" - scan techniques.

2. Evaluation of Fatigue Data

Fractographic examination showed that the zone of incomplete fusion was 0.44-
inch-wide (average value) in Specimens 4-1, 4-2 and 4-3 (Figure 154), and in the
0.010 to 0. 020-inch range in Specimens 1-1, 1-2, and 1-3 (Figure 155). Both types

of specimens exhibited a drastic lowering of fatigue endurance as shown in Figure 156.
The effect of variation in the extent of the lack-of-penetration appeared to be minor,
however.
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Figure 150. Fatigue Endurance of Surface Contaminated 026-Inch-Thick EB Welds

0.10 In..

Figure 161. Typical Contour of Surfaca-Contaminated 0.25-inch-Thick EB Weldments
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Figure 152. Micro Hardness Survey on Cross-Sections of Surface Contaminated EB Welds

Floure 153. Typical (Linear) Surface Failure Initiation In
Surface Contaminated Wldments
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Figure 154. Typical Lack-of-Penetration Defect in 1.5-Inch-Thick EB Welds 4-1.
* 1 4-2 and 4-3 (1.5X MAG)

Figure 155. Typical Lack-of-Penetration Deo in Specimens 1-1, 1.2 and 1-3
(1.5X MAOI)

107



120

110

100

90

80

70 Kt- -1

~60

40

30 0 3(
1-1 1-3

20 - (

1-3
10 0

4-1 4.2

04 lo 0

NUMBER OF CYCLES

Figmr 156. Fatigu Endurnce of 13-inch-Thick ES Weld with Lackof.Penetraon Defect

108



H. FATIGUE ENDURANCE OF EB WELDMENTS CONTAINING BURSTS

1. Fabrication of Experimental Welds

Experimental welds containing (intentional) bursts were produced utilizing a
weld blank assembly especially designed to induce a change in the shape of the molten
puddle and to simulate rapid cooling conditions existing after extinction of the beam.
Considerations involved in design of the experimental weld assembly have been dis-
cussed in details in Section 3.

Cylindrical inserts, 1.5 inches in both length and diameter, containing
intentionally induced bursts were removed from the weld and radiographically
inspected. The bursts were found to extend from a point 1/4 inch to 3/8 inch
from the periphery of the insert - 0. 175 to 0.300 inch toward the center of the
weld (top view). In depth, the bursts extended to 0.400-0.500 inch from the
(face) subsurface.

Difficulties were encountered in attempts to incorporate burst-containing in-
serts into test panels: radiography of circumferential welds revealed extensive de-
fects. The presence of these defects was attributed to the fact that no conventional
start- and end tabs could be utilized in circumferential welding. Attempts to repair
weldments by rewelding from both sides using less penetrating beams were not
successful.

Intermittent machining operations to remove contours of circumferential beams
prior to NDI evaluations decreased thickness of test panels and thus exposed some
bursts to the surface.

Subsequently the inserts were removed from the test panel and remachined to
rectangular shapes. These modifications permitted the utilization of straight welds
and conventional "start" and t"stop" tabs. The final radiographic and ultrasonic
examinations verified presence of original bursts in test specimens.

2. Evaluation of Fatigue Data

Experimental data for 1.5 inch thick EB welments containing intentional bursts
are plotted in Figure 157. It is evident that presence of bursts led in all oases to a
drastic reduction of fatigue characteristics.

Figures 158 and 159 illustrate typical failure initiation sites detected by sub-
sequent fractography. Of the five specimens tested, only specimen No. 3 contained
an interior burst; bursts in other specimens were exposed to the surface and con-

tained some foreign residues. Although all bursts reduced drastically fatigue en-
durance of weldments, the specimen with an internal burst (No. 3) compared favor-
ably to those containing surface-exposed bursts.
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-- DATA FOR UNNOTCHED BASE METAL
SPECIMENS (K1il

0 - DATA POINTS FOR FLAWLESS WELDS
A-DATA POINTS FOR BURST-CONT. WELDS
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L SUMMARY
6

Fatigue endurance limits £10 cycles] for machined flawless EB weldments
were determined to be: 80 kal for 0.080 inch-thick welds, 70 ksi for 0.25-inch-thick
welds and 65 ksl for 1. 5-inch-thick welds. For porosity-containing 0. 080-Inch-thick
welds, no significant deviations were apparent In test data generated in 20 cpm and
1800 cpm tests. Above 100 ksi level, no consistent relationship between the fatigue
endurance and size and location of porosity was apparent. At lower stress levels,
specimens with linear radiographic Indications exhibited lower fatigue endurance

r caused by heavy concentrations of fine porosity. Validity of predicting fatigue endur-
ance of specimens with isolated internal porosity based on its size and distance from
the surface could not be verified by experimeLtal data.

For 0.25-inch-thick weldments, some specimens were machined from flawless
portions of the welds designed to induce porosity. Fatigue endurance of these speci-
mens was comparable to that of flawless welded specimens produced by conventional
techniques. Fine linear porosity did not produce significant lowering of fatigue endur-
ance in 0.25-inch-thick weldments. Clusters of fine porosity and surface-connected
pores resulted in a significant lowering of fatigue endurance, especially for pore diam-
eters in excess of 0.010 inch. Large surface voids and missed seams resulted in a
drastic lowering of fatigue endurance.

Techniques utilized in generation of intentional porosity in 1. 5-inch-thick weld-
ments may have resulted in contamination of the weld metal, as indicated by fatigue
characteristics of specimens machined from flawless portions of these wetdments.
Fatigue endurance of porous 1. 5-inch weldments was related to the number and size
of internal voids. Burst-containing welds exhibited drastic reduction in fatigue prop-
erties. Feasibility of utilizing acoustic emission monitoring in studies of failure
Initiation and propagation was established.

Mismatch of faying surfaces in 0.25 Inch joint resulted in drastic lowering of
fatigue endurance. Data were generated on fatigue properties of 0.25 inch weldments
for various det/width ratios of underfills. Intentlonal contamination of faying Sur-
faces with vacuum oil did not result in a Significant lowering of fatigue endurance of
weldments. Lack-of-penetration defects in 1.5-inch weldmente resuIted In a drastic
decrease in fatigue endurance.
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SECTION VI

FATIGUE ENDUJRANCE OF MECHANIZED PLASMA-ARC WELDED
(PAW) 0. 25-INCH-THICK WELDMENTS

PHASE 11
A. INTRODUCTION

This section presents data on fatigue endurance of flawless and (intentionally)
defective PAW weldroents. The data are presented in the following sequence:

# Flawless welds

* Porous welds

*Mismatch

e Underfills and undercuts

* Reinforced welds

e Surface-contaminated welds

* Summary

B. FLAWLESS WELDS.

1. Fabrication Procedure

Flawless PAW weldnients were prepared by Joining bianics with squared straight.
butt faying surfacVes that had been cleaned by conventional acid tecbniquei and as
wiped with MEK solvent. Argon was used as the orifice gas in both shielding and
backup operations. Radiographiy was performed on as-welded joints and after the
face and root contours were machined flush %ith th surface. In both instances, all
specimens were free of AlT Indications.

2. Evaluation of Fatigue 0to

Fatigue endurance data art plotted In Figure 160. The data points we. -~dill-
tributed along a smooth curve- with a minimum of scatter andl an Indicated 10 cycle
endurance limit at npproximately 7$4 lti. Four of the speoimens (1-1. 2-2. 2-4 and
3-2) failed in the base metal. -Of the eight specim ens which failed In the welid, failure
initated oft the surface in one of the specimens (1-2) with no porosity In the Immediate
vitinity, and at a 0. 002-inch po ret 0. 010 inch from the surface In vother specinmn
(3i-3). Failure Initiation sites In the remaining six speelmeens ere *ssociated with a
linear arranpmnent of isolated 0. 001 to 0,.003-Inch pores 0. 020 to 0. 030 inch from tOe
face-side of the weld (Figure 161).. Sitwe about an 0, 12-Inat la-yer was removed while
machining the weld contours flush with the surface, it was estimated that this line of
Isolated poreso was o riginalIly located 0. 035 to 0. 043 Inch f rom the face c" the weldment.
it Is interesting to note that although the site nod concentration of pores in specimens
with intontionally Induced porosity (Nragraph fl) we re Increased, the basic linear
arrangment and the distance from the (face-side) surface remained essentially the
as."e. A typical linear arrangement of pores detected in flawless, plasma-arc welded
specimens io shown io Figure 161.* Data on fatigue enckarsnce values and results of
fractogrophic, evaluations are presented in Appendix 8, I'abl B-13.
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C. POROUS WELDS

1. Fabrication Procedure

Techniques utilized to intentionally induce porosity included swabbing faying sur-
faces withn 35% HNO - 5% HF solution, swabbing oil on one side of the butt joint, long-
time exposure to sh~p environment and simulated handling without protective gloves,
or a combination of these factors. Other process variables were identical to those
used in welding the flawless specimens. Contamination techniques utilized for each
blank are listed in Appendix B, Table B-14.

2. Evaluation of Fatigue Data

Fatigue endurance data are plotted In Figure 162. All but three of the experi-

mental data points fell within a rather narrow band. Two values above this band
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Fgure 161. Typica Lines Arvnangmnt of haotd Pue" Detected
i Some Flashe PAW SpecdouM (20 X MAO)

I '

(3-F and 4-F) Were for specimens without pro-test T indications. The sample
below the lower boundary of the band (7-3) had a six-powe cluster in the Immediate
vicinity of the (edge) surface.

All specimens with pre-test Wr indications had one common feature - a linear
porosity bandi at the taco-side surface which was detected by radiographic and
fractographic utnalysee. The width of thisa band va riod f romr 0.0 1 ( to 0.-030 I nch; the
median value was 0. 020 Inch. The distance of this band from the face-side surface
of Wh test specimen varied f rom 0. 010 to 0. 040 Inch (probably a funetton on the amount
of material removd In machining weld contours flush with the -surface). to all sPMc'
man#. the failure initiated In one or several porn contained in this band, except
specimen, 7-4 in which the failure Initiated at a surfwse pore at the root-side C1. the
weld. Pre-test radiography described this band a l r ty on the upr edge
of the weld. The size of pores indicated inAIT dali corresponded closely to actual
measurements taken in the course of fractographic analyses. A t) situ distribution,
of pores within the porosity band Is shown In Vlgure s 163 and 104. In machining th
"elote soeion ry of test spdc(mensporas contained In the band were brought
into the immediote vicinity of the (edge) surface of the specimens. The fatigue onir-
gn" values of these specimens wth e n th loda r porta of the hits band shown in
Figure 102 (for example, Specimens 5-2, 54 and 9-4). In Specim- d-3, the surface-
proximity ffect was agravated by the clustering arnngnent -of pores. eb-tleA dat
on the re ults of utged fendrme tests aud fractogrbapbl 4todies aretincop In
Appendix 0, Table 0-14.

Ix MIS(TCU

1. Fabrication Procedure

Mismatch defects In PAW weldments were produced by posItiorIng 0.016 and
0. 025-ih shims under one of the blank halves to beJoined. Thepar meters uedi
weldi"* of mismatched plates were identical to those used for the flawless specimen.

-Specimens machined from blanks reprsentig two loels of mistatch were nsitioed
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on an optical comparator and their eat contour was traced at lox magnification
utilizing graphpaper superimposed on the viewing screen. Typical contours iflustrat-
iing two levels of mismatch obtained are shown In Figures 165 and 166. Pre-test
radiography ifidicated that all specimens were freefrom internal defects.

2. Evaluation of'Fatigue Data

Experimental data on fatigue endurance of specimens representlg twolevels
of mismatch are superimposed on K curves for the base material1 in Figure 167.
It isevident that In both cases the vAlues were either In edkse proximity to the K =3
curve or below It. Most data -obtained for the 0. 025-inch mismatch were from 5 tc,
10 ksl below corresponding values for the 0. 016-inch mismatch. Fractographic
evaluation of failure surfayz-es revealed linear initiation sites at the roots of the welds
in locations. indic~ted in Figures 1,65 and 166. A typical linear initiation site encount-
ered in mis matched specimens is shown In Figure 168, Fatigue endurancedata are
summarized in Table B- 15, Appendix B
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Figure 162. Fatigue Endurance of Porous O.25.Inch-Thick Welds Produced by
Mechanized PAW Techniques



1. J
Figure 163. Typical Porosity Band Encountered in Figure 164. Porosity Band Detected in Specimen

PAW Weld Specimen 2-2 with Intention- 4 PAW P-1-2 (20X MAG)
ally Generated Porosity (20X MAG)

FAILURE INITIATION

0.10 IN.

Figure 166. Typical Contour of PAW Test Specimen with 0.01 6-lnch Mismatch
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FAILURE INITIATION

0.10 IN.

Figure 166. Typical Contour of PAW Test Specimen with O25Inch Mismatch
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Figure 167. Fatigue Endurance of O.26.lnch-Thliik PAW Welds with Mismatched Faying Surfaces
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Figure 168. Typical Linear Failure Initiation Site Encountered

in Mismatched 0.25-Inch-Thick PAW Welds (20X MAG)

E. WELDS WITH UNDERFILL AND UNDERCUT DEFECTS

1. Fabrication Procedure

During fabrication of (intentional) underfill and undercut defect specimens, the
current was increased from 235 amperes (used in manufacturing of flawless welds) to
260 and 300 amperes, respectively, and the slope gas flow was increased from 10
cfh to 11 and 13 cfh, respectively. Utilizing this approach, shallow underfills in the
0.005 to 0.010 inch-deep and 0.13 to 0. 17-inch-wide ranges, and undercuts with depths
and widths in the 0.005 to 0.015-inch and 0.050 to 0.150 inch ranges, respectively,
could be produced. Both shallow underfill and shallow undercuts defects vere as-
sociated, however, with crowns at the root of the weld. The height, width and approx-
imate radius of curvature of these crowns were in the 0. 020 to 0.030-inch, 0. 125 to
0.150-inch, and 0. 125 to 0. 140-inch ranges, respectively. A typical configuration
of a shallow undercut obtained by these techniques is shown in Figure 169. Pre-test
radiography detected no internal defects, and indications of external defects were
detected only in some of the undercut configurations.

2. Evaluation of Fatigue Data

Experimental fatigue data are plotted in Figure 170. It is evident that fatigue
characteristics of PAW weldments with shallow underfill or undercut defects are
generally in the lower portion of the Kt - 1 to Kt = 2 range. Fractographic analysis
of failed surfaces indicated, however, that in most of the underfill-type specimens
and in many of the undercut-type test coupons, the failure initiated not at the face
of the weld but at the crown created at the root of the weldments. A typical failure
initiation site at the root of the weld is shown in Figure 171, A typical location of
the (root) failure initiation with respect to the contour of the weld is shown in Figure
169. Attempts to correlate small differences in the radii of curvature at the (root)

1initiation sites with the fatigue endurance values obtained did not produce consistent
results. Figure 172 shows a failure initiation n the surface undercut in Specimen
UC 1-2. Data on fatigue endurance, defect characteristics and fractographic findings
are listed in Appendix B, Table B-16.
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IF. REINFORCED WELDS

1. Fabrication Procedure

Weldments were fabricated utilizing normal production welding parameters.
Two levels of reinforcement were obtained by welding blanks with and without the
use of Ti-6A1-4V filler wire. Typical weld contours produced by these techniques
are shown in Figures 173, 174 and 175. Pre-test radiography did not reveal any
internal or contour defects in any of the specimens.

2. Evaluation of Fatigue Data

The experimental data representing both i.evels of reinforcement are shown in
Figure 176. These plots show that for specimens produced without the use of filler
wire, the fatigue endurance values obtained are in the lower portion of the K = 1
to K = 2 range. These findings are attributable to the shallow contours of the face
and toot reinforcements (Specimens 2-1 through 2-4). On the other hand, specimens
1-1 through 1-4, which were welded with filler wire, had more pronounced rein-
forcement contours on the face and root of the weld (Figure 173). And except

-1 I.SITE OF FAILURE INITIATION AT ROOTI I 10l IN.

Figure 189. Contour of 0.26.Inch-Thiok PAW Weld with Shallow Undercut Defct
(Specimen UC2-3)
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FAILURE INITIATION SITE

ROOT

I-----40.10 IN.

Figure 173. Typical Contour of O.25.lnch-Thick Plasm&-Are Welds Produced Using Filter Wire.

ROOT FAILURE INITIATION SITE

Flow* 174. Typical Contour of O.2Slnob-Thlk PlammArc Wolds Produced Without Fler WMr
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for Specimen 1-2, their fatigue endurance data were located in the upper portion of
the Kt = 2 to Kt = 3 range. The conteur of Specimen 1-2 (Figure 175) exhibited a
narrower and more protruding root reinforcement which led to a noticeable lowering
in fatigue endurance. All specimens failed at the root of the weldments as shown in
Figures 173 and 174. A nondescript linear failure initiation detected in all specimens
is illustrated in Figure 177. Fatigue endurance data are summarized in Appendix B,
Table B-17.

G. SURFACE-CONTAMINATED WELDS

1. Fabrication Procedure

Surface contamination was produced by reducing or eliminating the flow of
protective trail-shield and/or torch-shield gases. Detailed data on the flow rate
variations of protective gases are included in Appendix B, Table B-18. The weldblanksit were processed by conventional cleaning techniques, Pre-test radiography did not
indicate the presence of internal detects in any of the specimens. The specimens

were tested in the as-welded condition, that is, without machining the face and
root contours flush with the surface. A typical weld contour of the test specimens
is shown in Figure 178. Discolorations were clearly detectable on all surfaces of
;weldments.

2. Evaluation of Fatigue Data

Experimental fatigue endurance data are presented in Figure 179. All data
fell within the K= 2 to K= 3 range and were equivalent to those for the reinforcedI specimens with tomparabie weld contours shown in Figures 173 and 174.
Microhardness readings taken on cross-section3 of the experimental weldments
failed to detect extensive hardness variations in the vicinity of the weld surface
(see Figure 180). Failure Initiated at the root of the weldments as shown in Figure
178, except for Specimens SU -1-2 and 2-4, which failed at the face crown. A
typical failure initiation detected at tracture surfaces is shown in Figure 181. Data
or, contamrination methods utilizect and fatigue endurance of specimens are presented
in Appendix B, Table B-is.

Flear. 177. TypIckd Lw F&auft Ivltatlan Enounteud in Rein-
foecad 0.264nc.Thlck PAW Weldants (20X MAGI
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H. SUMMARY

Fatigue endurance limit (106 cycles) for machined flawless 0.2C inch-thick
PAW welds was determined to be 75 Wcs.

All poroaity-coentaining welds exhibited one common feature-linear arrangemeant
of pores about 0. 040 inch from the (original) face of weidments. Location of porfxawith respect to (edge) surfaces of test specimens had a detectable effect on fatigue
endurance. Soecim ens machined from flawless portions of weldments designed toinduce porosity exhibited fatigue characteristics comparable to those of flawless
specimens produced by standard techniques.

Mismatched welds exhibited a drastic reduction in fatigue endurance. Data points
for welds designed to produce minor undercut and underfills were in thte lower portion
of the Kt=1 to V,,2 rae. In most of these spcimeus, however,, be failive initiated atthe root of the *eldmenta. Fatigue endurance dat were generated for two levels
of (face) reinforment.. Variations in shielding paramneters Waied to produce deteo-
table variations of fatigUe charaterisitics.
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SECTION VII

FATIGUE CHARACTERSTICS OF 0.25-INCH-THICK
GAS-METAL-ARC (GMA) WELDMENTS - PHASE 11

A. INTRODUCTION

This section presents data on fatigue characteristics of flawless and (intention-
ally) defective GMA welds. The data are presented in the following sequence:

e Weld preparation

e Flawless welds
* Welds with undercuts and lack-of-penetration defects

* Porous weldments

• Summary

B. WELDMENT PREPARATION

Experimental GMA welds were fabricated utilizing a Linde Type SVI-500 power
source, Soiaky welding boom, and Unde Sigma Type ST-S welding torch, Faying
surfaces were machined to provide 90-degree included angles and 0.060 to 0.065-
incah lands.. Argon gs was used for torch and trailingshielding.

C. FLAWLESS WELDS

1. Fabrication Procedure

inks intended fop fabrication of flawless welds were cleaned by conv~unional
processes and scraped prior to weldiag. Each joint was completed in two passes.
After Jolaing, the welds were radiographed and, if found fre of defects, face and
root contours were machined flush with the surface. Partially machined blanks were
again radlographed and. It found acceptable, were machined into transverse weld
specimena.

S2. Evaluation of Fapt! e l~ta

Dta generated in tension-tension (lft1. I) fatgue teats are plotted in piptar
18I1. The values obtained at higher stress levwls (1.00 kal and above) are within the
normal rauge of satter around the K -1 curve, At the low stress/high cycle region,
however, considerable lowering of Oaigue endurance is apparent. Secimen 1-2
filed in the base metal. Of the specimens which failed In the weld, failure sites
were not associtted with porosity in Specimens 1-3 and 4-1; in all remaining *peol-
mes, isolated pores 0.001 too, 002-inch in diameter were found at failure Initlations.
Specimen 3-1, which hAd fa lUre initiation at a 0. 0og-inch surfce pore, exhibited
abmnormally low fatigue endurance. Figures 183, 184 and 185 illustrate three modes of
failure toltiatixt in flawless GTA welds. The results of fatigue test* sad fracto-
graphie evaluations are summarsed in Ap*Mdlx B, Table 8-19.



D. WELDS WITH UNDERCUT AND LACK-OF-PENETRATION DEFECTS

1. Fabrication Procedure

Efforts to produce lack-of-penetration defects in experimental GMA weidments were based
* on a 1/16 -inch increase In the distance from flaying surfaces to the contact tube containing

the electrode. Although the desired defects could be produced, these techniques resulted
also In the generation of pronounced undercuts on the face of the weld and in many instances
the failure initiated at undercuts rather than lack-of-penetration defects.
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Figure 183. Failure Initiation Site Not Associated with
Porosity in Specimen 1-3 (20X MAG)

Figure 184. Failure Initiation at Internal Porosity in
Specimen 3-2 (20X MAG)

<I

Figure 185. Failure Initiation at a Face Pore in
Specimen 3-1 (20X MAG)
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2. Evaluation of Fatigue Data

The results of fatigue tests are plotted in Figure 186. The data obtained fell withina narrow band below the Kt=3 curve. The depth of the lack-of-penetration defects ranged
from 0.006 inch in Specimen 6-4 (Figure 187) to 0.050 inch in Specimen 6-1. A lack-of-
penetration defect with depth varying from 0.030 to 0.045 inch detected on the surface of
Specimen P5-3 is shown in Figure 188; alignment of porosity along the boundary of the
defect was also noticed. Width and depth dimensions of the undercut were in the range of
0.002 to 0.049 inch and 0. 040 to 0.125 inch, respectively. Figure 189 shows the trans-
verse contour of Specimen 5-4. Data on fatigue endurance and fractographic findings are
listed in Appendix B, Table B20.

E. FATIGUE ENDURANCE OF POROSITY-CONTAINING WELDS

1. Fabrication Procedure

The faying surfaces of blanks were contaminated either by No. 10 oil, handling
without protective gloves, grit blasting, exposure to shop environment for long periods,
or a combination of these factors. Other processing parameters were identical to those
utilized in conventional GMA welding.

2. Evaluation of Fatigue Data

Fatigue endurance data are plotted in Figure 190. Analysis of the data indicated
that, although some evidence 6f dependence of fatigue endurance on porosity size could
be established in the 105 - 10 cycle range (Figures 191, 192 and 193), this trend could* not verified by fractographic data on other experimental specimens. One possible reason
for this lack of correlation could be that the heavy concentration of porosity at the root
portion of the weld and the fairly uniform size of the majority of the pores caused multiple
failure initiations. Overlapping crack propagation zones made it very difficult to determine
the primary initiation site. The results of fatigue endurance tests and fractographic evalu-* ations are summarized in Appendix B, Table B21.

F. SUMMARY

Fatigue endurance limit [106 cycles] for machined flawless specimens was
estimated to be 65 ksi. Lack-of-penetration and undercut defects reduced fatigue
endurance of weldments to Kt3 range. Although dependence of fatigue endurance on
the size of (subsurface) po'osity was evident in the 105 cycle to 101 cycle range, this
trend could not be verified for specimens tested at higher stress levels due to a fre-
quent occurrence of multiple-faIlure-initiations.
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Figurelft. Transvese Contour of Specimen 54
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Figure~ 192. 0.008 to 0.01 0-Inch-Diameter Surface and Sub-
surface Pores at teFailure Initiation Site in
Specimen 14.2 (20X MAO)

Flgwe 103.. Internal Cluster of Pores (0.004 to 0.0mi.nch.
Diameter Range) Detected at Failure Initiation
Site In Specimen 4.2 (20X MAO)
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SECTION VIII

CRITERIA FOR ACCEPTANCE OF TITANIUM FUSION WELDS

A. SCOPE

The proposed acceptance criteria or standards for titanium fusion welds are
based not only on the results of this program, but also on Grumman Specifications
GSS 6204, "Fusion Welding of Titanium and Titanium Alloys," GSS 6205, "Electron
Beam Welding of Titanium and Titanium Alloys," and North American Rockwell
Specification STO107LA0017, "Fusion Welding, Titanium." Guidelines for the pro-
posed acceptance standards, which are described in Paragraph C, relate specific data
generated in the course of the Exploratory Weld Quality Definition Program to the
requirements of proposed specifications and provide supporting data that should be
considered by approving agencies and in granting possible requests for deviation.

B. PROPOSED ACCEPTANCE STANDARDS FOR TITANIUM FUSION WELDS

1. Visual Inspection

a. Discoloration

* PAW, GTA and GMA Welds. The weld bead and adjacent base metal shall
have a bright silver to light-straw appearance. A blue-gray or gray discol-
oration or the presence of loose scale shall be cause for rejection.

ED Welds, Discoloration due to EB Welding in accordance with approved
specifications is acceptable.

b. Incomplete Penetration/Fusion. All welds will show evidence of complete (100-
percent) penetration. Incomplete fusion and missed seams shall not be permitted.

c. Weld Contours - Reinforcement, Underfill and Undercut. The depth of underfill
and undercut shall not exceed the post-weld machining allowances specified on
engineering drawings. For welds which are not to be machined, maximum depth of
underf ills and undercuts, maximum heights of reinforcement and minimum allow-
able contour radii must be specified on engineering drawings.

d. Mismatch. Maximum mismatch of ten percent of the thickness of the thinnest
member or 0. 030-inch (whichever is less) will be acceptable in joints with gradually
blended contours.

e. Cracks, The presence of cracks in the weld or adjacent base metal is a cause
for rejection.

f. Surface Inclusions and Porosity. The following requirements will apply to sur-
face inclusions and porositydetected in the course of macroscopic and/or liquid
penetrant examinationst

. Surface inclusions are not acceptable.

s Linear porosity is not acceptable (for definition of linear porosity, see
Paragraph 2e).
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* Maximum allowables for pore size and total porosity area specified for
internal porosity in Paragraph 2 will be reduced by 50 percent.

* Porosity with sharp terminations is not acceptable.

2. Nondestructive Inspection

a. Cracks, Lack of Penetration and Lack of Fusion. Indications of cracks, lack
of penetration and lack of fusion will be a cause for rejection.

b. Inclusions. Surface inclusions and inclusions with sharp terminations will be
a cause for rejection. Internal inclusions with rounded contours will be acceptable
subject to limitations specified for internal porosity in Paragraph 2c.

c. Internal Porosity. Acceptance criteria pertaining to internal porosity occurring
in EB weldments and weds produced by other fusion processes (PAW, GTA and GMA)
are presented separately because of the significant differences in size and distribution
of porosity which occurs in these weldments.

EB Welds. Two or more adjacent pores other than those aligned (see Para-
graph 2eshall be treated as one pore (excluding the space between them)
when the spacing between them is less than three times the greatest dimen-
sion of the smaller adjacent pore. The maximum pore diameter shall not
exceed 0.IT or 0.050 inch, whichever is less (T is defined as the final
thickness of the weld joint after all phases of processing).

* PAW, GTA and GMA Welds. Two or more adjacent pores other than those
aligned shall be treated as one pore (excluding the space between them) when
the spacing between them is less than four times the average diameter of
the smallest adjacent pore. The maximum pore diameter shall not exceed1/3T or 0.040 inch, whichever is less (T is defined as the final thickness of

the weld joint after all phases of processing at the location of porosity to be
evaluated).

d. Total Porosity Area

EB Welds. The sum of the areas of all pores within one inch of the weld
shall not exceed 0. 025T square inch or 0.0125 square inch, whichever is

less.

PAWt GTA and GMA Welds, The sum of the areas of all pores within one
inch of the weld shall not exceed 0.0ST square inch or 0.006 square inch,
whichever is less. Pores having diameters of 0. OlT or 0.01 inch, which-
ever is less, are not to be considered in determining the total porosity area.

e. Aligned Porosity

* EB Welds. Aligned porusity is defined as a group of five or more individual
pores within one inch of the weld whose radiographic images are intersected
by a straight line (regardless of orientation within the weld). The distance
between the adjacent pores being considered shall be less than four times the
longest dimension of the smaller adjacent pore. The allowable limits are
0.01T square inch or 0.006 square inch, whichever is less.
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* PAW, GTA and GMA Welds. Aligned porosity is defined as five or more
pores falling on a straight line and within one linear inch of the weld. Linear
porosity will be a cause for rejection if the distance between adjacent pores
is less than six times the larges dimension of the smaller adjacent pore.

C. GUIDELINES FOR PROPOSED ACCEPTANCE STANDARDS FOR TITANIUM
FUSION WELDS

This section summarizes data generated in the course of the Exploratory Weld
Quality Program that pertain to the proposed acceptance standards presented in
Paragraph B. The results of radiographic analyses of representative specimens con-
taining internal porosity for compliance with proposed standards are also presented.
The information is presented in a sequence that will facilitate correlation of the sup-
porting data with the proposed specifications.

1. Visual Inspection

a. Discoloration

* GTA and PAW Weldments. In the Exporatory Weld Quality Definition (WQD)
Program welds were produced by the GTA process in 0.080- and 0.25-inch-
thick blanks under intentionally inadequate shielding conditions obtained by
varying of the flow rates of the torch and trailing shield gases. The welds
were tested in tension-tension ( = 0.1) fatigue with the weld contours intact.

Although the 0.080-inch-thick welds had a light-to-medium blue to gray ap-
pearance, their fatigue endurance was comparable to welds with similar
contours produced by conventional techniques. The estimated values for
105 and 106 -cycle endurance limits were 75 and 68 ksi, respectively. A
microhardoess survey of transverse sections of the weld failed to detect
hardness anomalies. GTA weldments (0. 025 inch thick) with gray discolora-
tion also exhibited fatigue endurance comparable to that for welds with simi-
lar contours produced by conventional techniques, and neither the oxygen/
nitrogen content of the weld metal nor the microhardness survey indicated
any appreciable anomalies. However, specimens having only a slightly dif-
ferent bluish tinge exhibited a pronounced susceptibility to cracking due a
significant pickup of contaminants (2514 ppm oxygen and 1731 ppm nitrogen).
The mlcrohardness measurements Indicated that the hardness of the con-
taminated weld was In the range of 39-44 Re, compared to 33-36 R Ia the
base metal. Yellowish discolorations intentionally produced In PAW weld-
ments failed to yield detectable variations In fatigue and hardness character-
istics.

# EB Welds. Slight yellowish discolorations Intentionally produced in 0,25-inch-
ith/ckE2 elds by contaminating the faying sur ices within vacuum oil failed
to result n significant changes In either the fatigue endurance or hardness
of the weld.

b. Incomplete Penetration/Fusion. GMA welds (0.25-inch thick) with intentional
lack-of-penetration in the 0.006- to 0.050-inch range exhibited a drastic lowering
of fatigue endurance. All data points were below the Kt - 3 curve for the base metal.
EB welds (1.6-inch-thick) with lack-of-penetration in the 0.010 to 0.44-inch range
also exhibited a drastic lowering In fatigue characteristice. The effect of variations
in the extent of the lack-of-penetration defect, however, appeared to be minor.
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c. Weld Contours

* Reinforcement. Intentional reinforcements were produced by GTA welding
on 0.080-inch-thick butt welds and by GTA and PAW welding on
0.025-inch-thick butt welds. Reinforcements on 0.080-inch-thick GTA welds
were typically 0.015-inch high and 0.30-inch wide at the face and .015-inch
high and 0.20-inch wide at the root. The typical contour of these weldments
is illustrated in Section IV, Figure 65. The fatigue endurance properties ofIthese specimens were approximately 10 ksi below the lower boundary of the
data band for flawless welds with weld contours machined flush with the basemetal. 105 and 106 -cycle endurance limits for these weldments were esti-

mated to be 70 and 60 ksi, respectively.

Reinforcements on 0.25-inch-thick GTA welds were typically 0.055-inch in
height and 0.75-inch in width on the face of the weldment. The corresponding
values of the root crown were 0. 05-inch and 0.25-inch. A typical contour of
these weldments is illustrated in section IV, Figure 66. Fatigue properties
of these weldments were significantly below those of welds with contours
machined flush with the surface and comparable to those of the base metal
at the Kt=3 stress Intensity level.

Reinforcements on 0.25-inch thick PAW weldments were of two types: (1)
those with (face) reinforcements in the range of up to 0.015 inch in height
and 0.20 - 0.30-inch In width, and root reinforcements in the range of 0. 005
- 0. 015-inch In height and 0.01 - 0. 12 inch in width; and (2) those with face
reinforcements in the range of 0. 040-0. 045 inch in height and 0.20 to 0. 25-
Inch in width. The contours of typical weldments of each type are Illustrated
in Section VI, Figure 173 and 174. Fatigue endurance of the first type of
reinforcements was in the lower half of the Kt=4 to Kt-2 range and the data
points were (on the average) only five to seven kal below the lower boundary
of the data band for flawless machined weldments. Data points for the second
type fell in the upper half of the Kt-2 to Kt=3 range, and the 106 cycle endur-
anoe limit was estimated to be In the 55 to 60-kel range.

* Underfill. Intentional underfills were produced in 0.080-inch-thick GTA
welds and 0. 25-inch-thick EB, GTA and PAW weldments. Underfills pro-
duced In 0.080-inch-thick GTA welds were 0.010 to 0.015 inch deep and
0.35 inch wide. Their typical contours are shown in Section IV. Figures
68 and 09. Face and root contours were left intact in the course of machin-
Ing the test specimens. Fatigue endurance data were scattered; the 105
cycle endurance limit was estimated to be In the 05 to 85-ksi range. Pro-
duction of Intentional underfill In 0. 2$-inch-thick GTA welds also resulted
In generation of root reinforcements. The typical contour of these weld-
mnts Is shown in Section IV, Figure 70. The widthof the underfitils was 0.8
inch and the depth varied from 0.005 to 0.015 inch. The height of a typical
root reinforcement was 0. 050 Inch and the width %s in the 0.25 to 0. 30-inch
rapgo. The failtire initiated in all specimens at root reinforcements. The
100 cycle and 10" cycle endurance limits for these welds were estimated to
be 00 kal and 50 ksi, respectively.
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Attempts to produce intentional underfilis by PAW techniques also resulted in
root reinforcements. The depth of underfills ranged from 0. 005 to 0. 010 inch
and the width ranged from 0. 13 to 0. 11 inch. The height of the root reinforce-
ment crown was in the 0. 020 to 0. 030-inch range, and Its width was in the
0. 125 to 0. 150-Inch range. In all specimens, the failure Intiated at root
reinforcements. The endurance limit for these specimens (106, cycles) was
estimated to be 70 ksi.

In 0. 25-Inch-thick EB welds, the depth of Intentional underfills, ranged from
0. 025 to 0. 100-Inch. All underfills resulted In a drastic lowering of fatigue
endurance. Progressive deterioration of fatigue characteristics was noted
as the width/depth ratio decreased. A detailed discussion of contour dimes-
aione and endurance characteristics In Incorporated In section V.

*Undercuts. Intentional undercuts were produced in 0.080-Inch-thick OTA
welds and 0. 25-inch-thick OTA and PAW we'inents.

In 0. 080-Inch-thick GTA weids, shallow undercuts about 0. 006-Inch deep
could be produced by decreasing the feed rate of the filler wire. In addition
to shallow undercuts, however,, 0.015-Inch-high and 0.25-Inch-wide rein-
forcements crowns were detected at the roots of the weidments.

Failure Initiation sites were detected at both surfaces of the experimental
welds. Fatigue endurance data obtained for these spiecimens was generally
within five to ten kul of the lower boundary of the data band for machined
flawless specimens. The typical weld contour of these weldmmnts is
Illustrated in Section IV, Figure 73.

The depth of the undercuts produced In 0. 25-Inch-thick welds by OTA tech-
niques varied from 0. 010 to 0. 020-Inch and the width was 0.125-Inch. The,
change In parameters designed to produce undercuts also resulted In the
creation of root reInforcemenat crowns in the rag of 0.1060 to 0. 090-inch
In width. The typical contours of these woidments are Illustrated in Section
IV9 Figure 75. Moat fatigue endurance data points were within 10 kal of the
Kt - 3 curve for the base met for which the 108 4yole enuac limit was
approximately 40 ksl. Fractographic evaluation revealed that all failure
InItiatiou sites were at the root reinforcement.

Undercuts produced In 0. 25-Inch-thick PAW weidments were In the range of
0.006 to O.M2-Inch in depth and 0.060 to 0.160-inch in width. The height
and width of the moot. reinforcements were Is the range of 0. 020 to -0. 030-
inch and 0. 125-Inch, respectively. The fatigue data points for these weld-
meats were In close proimity to the Kt - 2 arve for the base metal for which
the 108 cycle endurance limit was 'indictated to be 0 kul. Fractography Idi
cated failure initiation sites at both face and root-sides of the weld.

J, Mimatch. Inteational mismatches of the faying surfaces were produced In
0. NOaIOSbilii 0TA butt weIds and .0.25-Intch-thck GTA. ED and PAW but

welds. All weldments were fatigue teted with the face and root contouirs intact.

E(eri04ta 0. 060-Inch-thick OTA buttwelds were produce with 0. 018..inch
(aot19 percent) and 0. 025-inch (about 31 percent) mn'iatah. Typical contours of

the weldments are Illustrated In Sectiou IV,, Figure 86. Data point for both typs of
specimensfelbetehe t 2 AM YIK gw curves (or the basemetliwith amesti-
Maud 100 cycle endurance limit of 40 to 45 kal. In all spectoens, failure InitiatedI at the root-aidle of the weidmai.
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Experimental 0.25-inch-thick GTA butt welds were produced with 0. 010-inch
(abut pecen) ad 0 03-inh (bou 14perent mimath.Typical contours for

both tpso edetarIlutaeinSconIV, Fiue 0and 91. DataponsfrseieswtI.0 -nh imthfl ewe h = 3.
curves for the base metal with an estimated 16cycle endurance limt of 4061
Data points for specimens with 0. 036-inch mismatch fell below the Kt = 3 curve for
the base metal with an estimated 106 cycle endurance limit of approximately 30 ksi.
In all specimens,, failure initiated at the root reinforcemnent, the presence of which

Experimentsa1 0. 25-inch-thick EB weidments were produced with 0. 01 6-inch
(about 6.5 percent) and 0. 025-inch (about 10 percent) mismatch. Typical contours

of both types of weidments are Illustrated in Section V. Both types of specimens
exhibited fatigue endurance values below the Xt = 3 curve for the base metal with
an estimated 106 cycle endurance limit of 30 ksl. In all specimens, the failure In-
itlated at unusually sharp undercuts adjacent to the shallow face and root reinforce-
meats which apparently aggravated the effect of the mismatch.

Experimental 0. 25-inch-thick PAW weldments were produced with 0. 01 -inch
(about 4 percent) and 0. 025-inch (about 10 percent) mismatch. Typical contours.
of both types of weidments are illustrated in Section VI, Figures 144 and 145. The
fatigue endurance data points for both types of specimens fell on or below the Kt-
curve for the base metal with an estimated 106 cycle endurance limit of approxf-
matety 30 kei. As with the 0.26-inch-thick GTA weidments, failure in these spedl-
mens initiated at root reinforcements.

In summa ry, the low fatigue values of mismatched spec imens. appen red not to
be due primarily to mismatches but rather to the ehange In characteristics of weld
contours produced In joining mismatched faying surfaces. The removal of weold con-
tours to allow for a gradual blending can be expected to Improve sign.11icantly the
fatigue characteristics of these weldments. Accordingly, the requirements of limit.-
Ing the mismatch to 10 percent of the thicknoss of the thinnest member or 0.0340-
inch (whIchevrcr Is less) appears to be satisacotory provided that the accetnco
criteria Include the requirement for gradual blending of misuntched contours.

e. Cok. Ti4A1'4V titanium alloy Is a "forgiving" alloy. Various methods of
intentional restraints thiled to Induce cracking. The only craoks detected in the Mu--
fikce of experimental weidments were associated wit eeesraecAMinto
intentionally produced by eliminating torch shielding in the GTA welding process.
The presence of era&ks was verified by subsequest radiography. All cracks ran
transversely to the direction of the weld pass and were thus in a parallel alignment
with the direction of stress application on subsequent fatigue tests. As discussed
in Section IV. the existing craeks served as failure initiation sites and cratk-contain-
tog, specimens exhibited very low &atiue enduranim.

f. Surface Inclusions and Porosity. Ilesults Indicate that the fatigue endurance of
porosity-conl*ainiog'welds to defibitely retated to the proximity of pores to the sur-
face. to some instances, fractogra phy revealed that the failure initiation site wvas
associated with a sm-ill pore at the surfance ra ther than with much lArger pores in
the interior of the weld. Although lhalted data generatted during the course of this
program precluded the possibility of establishing definite mathewnilal relationships
between fatigue endurance and the size aud lotation of porosity, It appeored to be
Mandatory to recommend a reduction in allowable limtits for surface-coneted poros-

144



Future studies designed to evaluate the effective-ess of surface-treatig pro-
cesses (for example, shot peening) in improving fatigue endurance of welds contain-
Ing surfaice pores may eliminate the Deed for this reduction In allowable limits.

The recommendation for the rejection of surface-connected inclusions Is based
on the results of fractographic analyses which revealed crevices at the (tungsten) in-
clusion/weld metal Interface. Residues detected in some of these crevices indicated
that they were present in the weld prior to fatigue testing.

2.Nondestructive Inspection

a. Cracks, Lack of Penetration and Lack of Fusion. (See discussion In Sub-
section 101.

b. Internal Inclusions, (See discussion in Subsection 10)

e. Internal Porosity. To verify the correlation of the acceptance criteria, pro-
posed in Paragraph A with the experimental data, radiographic films for 72 0. 080"
and 0. 23-inzli-thick welds produced by EB, PAW,, GTA and GALA welding processes
were evaluated for compliance with proposed specifications. Figure 194 shows that
the fatigue endurance of 0. 25-inch-thick -ED weidments containing Internal po'rosity
within the limits of proposed specifications Is comlpArable to that. Of radiograohlcally'
tlawke-s specialons.

In Figu.re 1 95, experimextalI data for pqroslty-.mxtainUWg 0. 25-inceh-thiJ- welds
productd by LPAW. OTA and GAIA welding processes are superimposed on Kt cunres
for the Waee met;U (sot ' lines) muct tower bounmdarls of the data baiv~u for machined
radiographically flawless specimens. It Is evident that above 63-ksi level, 'it Is diffi-

u!to detect a definlte roa tioniship- between the radiographte quail~y of the spect-
nmens and fatigue eudurance. At lower str'css tevels, however, this relationship is

nior prnunced. Most specimens of-acceptible radlographic quality exhibited dis-.
4ty-d superior fhtfgue endurtue conpared to rejectablo specimens tested at the

Same atress levol,

Figure 190 summi rizes dita, on fatigue endurance of 0. 050-ineh-thick weld-'
mntfts of flawless, acceptable and rejecoqble ridiogrAphIc quasihy produced by ED3
and GTA welding. As was the caso -with the data plotted I Ftgure 11)3, no definite
corretition is apparent (or specimons tested at high stress levels (ftxceed4n 100
L-si. B~elow this level$* ont the other hapd, most specimens with accoptable radio-
graphic chiracteristics exhibited higher fatiquoeadurance compared to r-ejectable
speimens tested at the Samo es leel.

It should be emphasized that considerable re~tion of Acceptance criteria for
inwtrria poosiq, mat be Ifeastble whent sufficient dini become available to establish
mathemitical relationships between the distribution ot Internal porosity with respect
t* the we~d surfaces and loiinlpr optio characteristics of the fatigue failure.
Generation of (Wsa required in establishing these relationships may be greatly facili-
tated utilizing scoustic emission monitoring of fatigue specimens (discussed In Section
V) and oidvowcd ultrasonic scanning techniques designed to determine precise looations

ofInternal iporosity In surface layers of weldnients. Both of these *netho~ recty
hav*e beeh shcmn toa have a significant potential in advancings the state-f-the-trt of

industrial nondestructive inspection.
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SECTION IX

CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

1. General

* Radiographically flawless weldments having weld contours machined flush
with the surface exhibited the following tension-tension (R=0. 1) fatigue en-
durance limits at 106 cycles:

Thick, inch Welding Process Fatigue Endur. ksi

0.080 EB 85
0.080 GTA 75
0.25 EB 75
0.25 PA 75
0.25 GMA 65
0.25 GTA 62
1.5 EB 65

* Retention of as-welded contours on GTA and PA weldments will reduce the
fatigue endurance limit from 5 to 20 ksi depending on the geometry of the
retained contour

* Except for cracks and EB welding bursts, typical defects encountered in
production welding can be generated by intentional variation of processing
parameters

& Cracks could be detected only in 0. 25-inch-thick GTA weldments
produced under severely contaminating conditions

* EB welding burst defects can be produced in 1.5-inch-thick plate contoured
to meet postulated molten-puddle-shape and cooling conditions existing after
extinction of the electron beam

e Differences in the characteristics of defects which may occur in EB weldments
and those which may occur in PA, GTA and GMA weldments warrant their
separate consideration, especially with regard to formulation of acceptance
criteria

* Except for 1.5-inch-thick EB weldments, intentional contamination of faying
surfaces to produce internal porosity did not significantly reduce fatigue en-
durance of specimens machined from radiographically flawless sections
of these weldments

e The proposed acceptance/rejection standards for titanium fusion welds can
be used to screen out welds having inferior fatigue endurance characteristics.

2. Weld Defect-Fatigue Endurance Correlation

* Incomplete Penetration. Incomplete penetration in 0.25-inch-thick GMA and
1.5-inch-thick EB weldments drastically reduced their fatigue endurance
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Underfills. If root reinforcements are not present, the fatigue endurance
of 0.080-inch-thick welds having minor underfilit (0.010 to 0.015-inch
thick) is comparable to that for weldments having normal as-welded con-

tours. Generation of intentional underfills in 0.25-inch-thick GTA and PA
weldments resulted in the creation of root reinforcements which served as
failure initiation sites. Underfills in 0.25-inch-thick EB weidments dras-
tically reduced fatigue endurpice.

o Undercuts. The fatigue endurance of 0.080-inch-thick welds with minor
* undercuts (0.005-inch deep) is comparable to that for weldments having

normal as-welded contours. Generation of intentional undercuts In 0.25--
inch-thick GTA weldments resulted in the creation of root reinforcements
which served as failure initiation sites. Plasma-arc weldments (0.25-
Inch-thick) with 0.005 to 0. 015-inch-deep undercuts bad a fatigue endurance
limit of 60 ksi at 106 cycles.

e . Mismatch. The low fatigue endurance of 0.080-inch-thick GTA and 0, 25-
tinch-thick EB, GTA and PA weldments with mismatches is not due to the

mismatches themselves but rather to the resultant extensive changes in
weld contours. Blending of weld contours should significantly improve the
fatigue endurance of these weldments.

* Inclusions. The fatigue endurance of 0.080 and 0.25-inch-thick GTA welds
with internal tungsten inclusions was comparable to that for inclusion-free
specimens having similar contours. Tungsten inclusions exposed to the
surfaco did cause a drastic reduction in fatigue endurance.

2 Surface Contamination. Slight yellowish discolorations in EB and PA weld-
ments made by approved processes did not result in a significant decrease
in fatigue endurance. Bluish-gray discolorations on GTA weldments may
indicate extensive pickup of contaminants with resultant suscentibf.ty to
cracking and drastic reduction in fatigue endurance.

0 Porosity

- 0. 080-Inch-Thick EB Welds

* Variation in test frequency had no apparent effect on fatigue life

* A pronounced multiple-failure initiation pattern was evident above the
100-ksi stress level, There was no apparent correlation between
radiographic and fractrographic findings and fatigue endurance above
this stress level.

Linear radiographic indications wore related to porosity concentration
in the face or root portions of the weld. The fatigue endurance of
specimens with linear radiographic indications was In the lower por-
tion of the obtained data band. Specimens exhibiting these indications
would be rejectable in terms of the proposed standards.

• Fatigue endurance values preducted by assigning Kt factors to individ-
ual pores (Reference 2) could not be verified by experimental data.
This lack of correlation could be attributed to appreciable differences
in the weld defect characteristics considered.

- 0.25-Inch-Thick EB Welds

* Linear porosity within the limits of the proposed specifications did not
significantly rmduce fatigue endurance
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* Surface porosity consideribly reduced fatigue endurance. Depth of
porosity was found io affect the extent of such reduction.

2 e Double-line radiographic indications were associated with massive
porosity which is rejectable in terms of the proposed specificationc.
Specimens exhibiting th6se indications had low fatigue endurance.

* Fatigue endurance of weldments containing porosity grea"tr than 0.010
inch in diameter exhibited a pronrAmced dependence on the location of
pores with respect to the surface

-. 0.25-Inch-Thick PA Welds

* Porosity in all weldments was located within a 0.030-inch-wide band,
0.010 to 0. 040-inch from the face-side of the surface

* Close proximity of pores, to the surface significantly reduces fatigue
endurance

* Specimens tested above the (maximum) 85-k1f stress level exhibited
rather high fatigue endurance despite the presence of rejectable de-
fects. Specimens tested below the 70-ksi stress level, however, ex-
hibited a significant reduction in fatigue endurance due to the presence
ef rejectable defects.

0- 080-Inch-Thick GTA Welds

• Most of the specimens containing internai porosity within the limits of
the proposed specifications exhibited fatigue endurance compaiable to
that for flawless specimens

e The fatigue endurance of specimens with rejectable defects was gener-
ally below the Kt = 2 level except for those specimens tested at a stress
level of 80 ksi (maximum) and above which had moderately high fatigue

4 endurance despite the presence of rejectable defects.

* Most of the rejectable welds were rejected because of maximum pore
size limitations.

0.25-Inch-Thick GTA Welds

* The fatigue endurance of specimens with Internal porosity acceptable
in terms of the proposed specifications was either within the range
for flawless specimens or within 12 to 15 ksi of the lower boundary of
the data band for f'qwless welds.

• Most of the rejectable specimens exceeded the limits for both maximum
linear porosity area and maximum size of individual pores

* Surface porosity and the presence of clusters did affect fatigue char-
acteristics.

0.25-Inch-Thick GMA Weldments

* Correlation of fatigue endurance of porosity containing weldments with.
quality, as determined by the proposed acceptance criteria, was not as
successful as that for weldments produced by the other fusion processes.
Although most of the fatigue data for specimens having acceptable qual-
ity in terms of the proposed specifications was in close proximity to

* the data band for flawless specimens, some of the data points fell in
the middle of the Kt = 2 to Kt = 3 range for the base-metal. Fractog-
raphy indicated that the lower fatigue endurance of these specimens
was associated with either multiple failure initiations or linear porosity
clusters.



* Specimens with rejectable defects exhibited consistently low fatigue

endurance.

B. RECOMMENDATIONS

* Acceptance criteria for titanium fusion welds could be relaxed when pro-
duction-nondestructive-inspection-technques capable of determining the
precise locations of defects with respect to weldment surfaces are devel-
oped. Ultrasonic surface scanning methods now under deveiopment
might be potentially useful for this application.

* Mathematical relationships between fatigue endurance and the size and
location of defects in critical subsurface layers should be developed. Data
on the initiation and propagation of internal failures should be generated to
facilitate the use of fracture mechanics analytical techniques that would be
required to develop these relationships. Acoustic emission monitoring of
fatigue test specimens by recently developed techniques could be used to
generate such data.

* Considerably more fatigue data should be generated to permit statistical
analysis of test results, especially those in the marginal quality range as
determined by nondestructive inspection techniques.

* In future weld quality studies, defect-generation methods based on inten-
Stional variation of processing parameters should be supplemented by other
techniques when precise reproducibility of defect locations is required for
statistical evaluations.
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APPENDIX A

DATA- PHASE 1



Figure A-1. Identification Data and Test Report on O.080,Inch.Thck Ti-6A14V STOA Sheet
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Figure A-2. Identification and Test Report on O.25.lnch-Thick Ti.OA-4V STOA Plate (First Shipment)
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Figure A-3. Identification Date andl Test Report on 0.25-inch-Thick Til.Al*4V STOA Plate (Secnd
Ship~ment)
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Figure A-4. Identification Dota and Test Report on 1Y%-lnch-Thick Ti4AJ4V STOA Plate
(Sheet 1 of 21
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Figure A-4. IdantifWaition Da and Tes# Report on I16r~rnch-Thick TM-A14V STOA Plte
(Sheet 2 of 2)
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Figure A-8. Edge.Notched-Base -Metal Fatigue Specimen (O.080.and O.250.lnch Thick)
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3.25"
.080"* & .250"

Figure A-9, Center-Notched-Base-Metal Fatigue Specimen (0.080-and 0250-Inch Thick)
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Figure A-12. Base-Metal Tensile Specimen (0.080- and 0.250-Inch Thick)
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Figure A-13. Bose-Metal Tensile Specimen (1.5-Inch Thick)
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Table A-9. Fatigue Properties of the Base Metal

Max Stress, KSI
Thickness Spec No. Kt CPM [R -. 1] Cycles

.080 In. 200.1-1 1 1800 115 80,000
.080 In. 200.1.4 1 1800 100 6,630,000 (N F)
.080 In. 200-1-4R 1 1800 130 35,000
.080 In. 200.1-8 1 1800 107.5 5,090,000 (NF)
.080 In. 200-1-2 1 1800 100 74,000
.080 In. 200-1-5 1 1800 110 70,000
.080 In. 200-1-7 1 1800 110 47,000
.080 In. 200-1-3 1 1800 130 30,000
.080 In. 200-1-6 1 1800 110 58,000
.080 In. 200.1-9 1 1800 100 466,000
.080 In. 200.1-10 1 1800 90 648,000
.080 In. 200-1-11 1 1800 100 8,855,000 (NF)
.080 In. 200-1-12 1 1800 120 46,000
.080 In. 200-1.13 1 1800 110 66,000
.080 In. 200-1.14 1 1800 100 84,000
.080 In. 200-1-16 1 1800 90 5,101,000 (NF)
.WOe In. 20'-1-17 1 1800 100 187,000
.080 In. 200-1-18 1 1800 95 5,115,000
.080 In. 200-1-18R 1 1800 130 37,000
.080 In. 200-1-15 1 20 140 2,956
.080 In. 200-1-19 1 20 135 13,371
.080 In. 200.1-20 1 20 130 13,180
.080 In. 200-1.21 1 20 140 7,423

.080 In. 199-1-11-1 2.1 1800 65 812,000
Center
Notch

.080 In. 199-1-11-2 1800 80 39,000

.080 In. 199-1.11-3 1800 70 291,000

.080 In. 199-1.11.4 1800 60 1,672,000

.080 In. 199-1-11-5 1800 55 5,025,000 (NF)

.080 In. 199.1.11-SR 1800 100 12,000

.080 In. i9.1 -11.6 1800 70 53,000

.080 In, 199-1-11-7 1800 80 50,000

.080 In, 199.1-11-8 1800 57,5 574,000

.080 In. 199-1-11-9 1800 70 773,000

.080 In, 199.1-11-IRT 1800 80 35,000
.080 In, 199.1.11-2RT 1800 70 383,000
.080 In. 199-1.11.3RT 1800 60 1,366,000
.080 In. 199-1114RT 1800 70 203,000
.080 In. 198.1.17.IRT 3.0 1800 45 426,000

Edge
Notch

.080 In, 198-I.1,7-2RT 1800 65 15,000

.080 In. 198.1-17-3RT 1800 80 82,000

.080 In. 198-1-17.4RT 1800 40 159,000
.080 In. 198,1.17-RT 1800 50 33,000

.080 In. 198.1,17-6RT 1800 30 6,910,000 (NF)

.080 In. 198-1-17-RT-R 1800 70 10,000

.080 In. 198.1-17.7RT 1800 40 1,361,000
.080 In. 198.1.17-8RT 1800 66 16,000

Note NF - No FaIlure
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Table 8-1. Fatigue Endurance of Flawless 0.00Inch-Thck GTA Welds

Fatigue Endurance
(1800 cpm Unle

Otherwise Indicated),
Spec. No. cy-ksi Frmatographic Findings

14 61,000-100 Surface Failure Initiation - No Porosity
6.1 55,000-100 Surface Failure Initiation - No Porosity

6-2 7.580.000-90
22,000-120 Surface Failure Initiation - No Porosity

6-3 10,000-120 Surface Failure Initiation - No Porosity

64 27,000-95 Surface Failure Initiation - No Porosity

7.1 20,000-110 Surface Failure Initiation - No Porosity

7.2 85,000-90 Surface Failure nt Elation - No Porosity
8.2 45,000-100 Surface Failure Initiation - No Porosity

9.1 17,613-120 (20 cpm) Base Metal Initiation

6-2 21,158-110 (20 cpm) Base Metal Initiation

9.3 5,197-130 (Q0 cpm) Base Metal Initiation
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Tme 6-2. Fatigue Endumm Frasophft Cl tiaretlcs of FhlaW 0254nh.rThka k OTA Wdents

Fatigue Endurance
Abx sow:.

Spec. No. cpm COO ks Frautoraphio Fknlnp
1-2 1800 6,036,000 G"

10,000 140 Fsllure it. at Surface. No Porosity.
2-3 1800 404,000 70 Failure In the Grip Sect, Qisregd.
42 1800 3,210,000 80 Failure Init. In Base Metal
7-1 1800 1,083,000 80 Failure InIt. at Sfce, (Root)
7-3 1800 2,797.000 60 Failure at .004" Pore, M080" From See.
74 1800 6,031,000 W0'

21.000 130 Failure Init. In Baa Metal

8.1 1800 38,000 110 Failure Init. In Sa Metal
.2 100 86000 90 Failure Ink;. In Base Metal

S-3 1800 737,000 O0 Failure tnit. In. Ba Metal

64 1800 359.000 70 Failure at .004"# .10' From Sfcs.

2-1 20- 10,234 130 Failure Ink. In Bam Metal

2, 20 7,404 135 Failure Int. at Sfca. (Face)
24 20 - - lnadwt. Oerlod. Duregard.
4-4 20 15,420 120 Failure Iit at Sfce (Roct)

'No Failure
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Table 834. Summary of Pretest Radlograoby Fatigue Endurance end Frastography Data on Porous 0.060-nch
Thick 0TA Welds

Fatigue Endurance (1800
cPM Unless OtharwiseSpec NO. RT Results Inicated), cv-ksl Fractography (Failure Initiation)

2-2 .0165"-.020" Pores 81.000--80 Failure I it. at .02W" Pore, .020-
From Sfc*.

243 .010-.035" Pores 5.181,00045* Failure Intat .030" Pore. .004"
5.000-110 From Surface

341 .020-.030" Poreis 59,000-80 Fail. I it. at .015" Pore. .020-
From Surface.

32 .010" Porosity 114.000-70 Foll. hat. at .010" Pore. .015"
From Surface.

3.3 .010* to .03V Pores 33.000-00 Partially Machined Contour of
.030" Pore at Sice. Init. Site

3.4 .010" to .030" Pores 485.000)-50 Init. at .030 Pore, .02" From Sic@.
4 .005" to .030" Scat. Por. 45.000-70 Mutt. Init. at .020" and .030" Ols.

Pores, 025" From Surface
4-2 .005" to .025" Pores 1,811,000-50 Multil). lnit, at .010" arid .025"

Port"
443 .05=to .025" Scat. Pot. 5,104,000-45' Primary Init, &1 .010" Pote. .A20"

29.000-100 From Surface
53 '011" to .030 Pores 54.000-8fl MUtt. Iit. at 1010", Pores
6.1 Scat. Par. 4101..0250 47.000-70 Prim. Ini. at .020" Part. .030"

FfmSurfas
44 Sat.Por .01"..25"Mult. nI at .015" pores,.06

44 Scat. Pot. A01".1025" 3.069,000-40 Mutt. mInt. Sime, at .010" to .015"
64 Scat. Poe. .05"..26" 6,006000-35* Mult m"It. at .015"..020" Pat"

11.000-100
742 015" to A0N5 Pome 32,000-60 lnit at .030" Pore, .020" From Site.
14 .010" to We2" Plowe 12,30.000-40' Mulipl *1ta .020" and .026"18.000,90
&I Scat. Pot.. -.016 Avoe 727.000-W0 lnit. at .012" Pote at Edge Substme
94 Scat Pot. - .OtS"1-035" 21626,000-45 Init. at .016" PoCe, 020" Ftom Sfce.

#4 Scat. Pwt.010"-. 030' 2008 u.ni.t.010" to .030" Pot
200a-8 mltInt.at



Table B-4. Resuits of Radiographic Evaluation, Fatigue Teot and Fractopaple Findinp on 0.254nch-Thick OTA
Welds Containing Porosity MSeet I of 2)

Fatigu

Spe No. RT Enucy , Frcorpy (Falure Initiation)

1-2 Pores, .0w'".010" 35,632-90 Base Metal Initiation
1-3 Pores. .010"-.025" 5,357-100 2 Init. Sites at Internal Porosity. Primary.-

1012" Pore, .030" From Surface
3-1 Scat. For., .010"-.035" 115,000-80 (2) .015" Pores, .050" Apart. .020" From

Surface
3-2 Scat. Por., .010*.035" 30.000-80 . Mutt. Initiation: .010" to .030" Pores, All

Interior
3-3 Scat. Por. .010-.035" 483,000-40 Mutt. Init. at .010*.020" Pores and (4) Pore

Oluster - .01 5* to .020"
3-4 Scat. Poe. 010"*.035" 4.704.000-30 (2) -.020" Pores, .010#" Apart,.040" From

5-2 Scat. Poe.. ,010".-.035" 59-0 Mult. Init. Primary - .025" Pore. .075"

frSurface
5-3 Scat. Pot.. 0t0"..026" .3-0ll~. Init. Ssat M5140O"0" Pores

74 L Scat Por1*.3" 6497 ut ~t ie 010 o.3"Pt
6. ct o..00 5"..020" 3,000-70 Mull. It. at.1t .015" Pot "

6-2 Soat -Pot.. 006" .025- 14,0-90 Mull. mi"t, at .020"..026" Poe
643 Sam e.05 26 60.26,0 Mutt. Init. at .020". .025" Pores

64 SimtsPot.. .00(2)..02624.430"0Pott.Oust.010".00c".FPom

7-1 Light Suau Pet,. 490012 pl ().1"00 aeCutAt p
w5"-0w'IMO -50Init at.01 Pro Surface o

70. Ligt Scat. P10.. 3' 4,0-0Is. t00 ufc o
10 Sa. oe..010".030" 165=0-40 Clurt at (04) Pott. 020" 030'm 0S0" a ro

1-3 Scat. Pole.. .010"..Ows 5.100-3 0* W3)it. Iit its at .025" P00 art
11.000-90 Pt

$1-1 seat SPat. Pot1..D 14C000-0 lt. Init. Sate as '*.0 2" Pores

14 USct. oeS,..V 24.000-W Wit. a00 a Solte.0" PoNAvow 01
840Sat-"..A'026" ' Promo-4 M ull r.At'ce5"p

014 Light S~cat, Pot.. 4.4560010 Wfi t2.01at.020 u- PCor. 01Ao
om0e0 .026"
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Table 84. Results of Radiolpraphic Eva sions. Fatigue Toils and Froctogiaphir Plnd~np on OZ5-nch-Thick GTA
Wel COntail Porosty (Sheel 2 of 2)

Enduftnco
*SIeM NO. RT ty-kul Ptactowply (Failure Inititon)

1114 Ugot Scat Pc#,, 6.118.000-35 Ikat D025" Pore, ,Go" f rogn Surfmc
.010"..025"

Ml- .015* Pore A0,00-70 01 2" Pv .040" Fccm-Sutdaev( I- '1 005" .410" pew bl.00090 mait, at .004"Subpirface Pot#
F14 .020" Part 30.000-1I10 mInt, at 020" Pate,.0OB0" Ftoni Surfac



Table B-5. Results of Pretest RT, Fatigue Tests, and Fractographic Evaluation of 0.080-and 025-Inch-Thick
GTA Welds Containing Tungsten Inclusions (Sheet 1 of 2)

f Fatigue
Spec, No. Pretest RT Endurance, cy-ksi Fractography

0.080" Welds
4-1 High-Dens Inclusion 273,000-40 Inclusion Extending Throughout

.080" x .060" Thkn. Failure Init. at Incl./Surface
Interface

* 4-2 High-Dens Inclusion 5,030,000-30" Same
.050" x .055" 50,000-60

4-3 High-Dens Inclusion 19,000-50 Inclusion From Surface to - 4/3"
.075" x .050" of Thickness Failure Init. at W-Ti

Interface

5-2 High-Dens. Inclusions 25,000-50 Same
.150" x .100", 3/8"
Apart

5-3 High-Dens. Inclusion 1,000-100 Inclusion Extending Throughout
.115" x .075" Thkn. Failure Init. at Ti-W Interface

6-1 High-Dens. Inclusion 9,735,000-50" Failure Initiation at Internal
.100" x .050" 10,000-105 Inclusions

6-3 High-Dens. Inclusion 5,028,000-70* Failure Initiation at Internal
.075" x .060" 3,000-120 Inclusion

6-2 High-Dens Inclusion 373,000-90 Same
.025" x .015"

0.25" Welds
(No Machining)

1-1 High-Dens. Inclusions 32,000-50 Root Failure Initiation
(1) .035x .100" and No Inclusions
(1) .075" (Dia)

1-2 High-Dens. Inclusions 5,003,000-40* Same
(1) .075" x .076"
(1) .100" x .075" 20,000-70
(1) .125" Dia.

1-3 High-Dens. Inclusion 121,000-45 Same
.075" x .050

*No Failure

2
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Tabe 8.5. Results of P~ltst RT, Fatigue Tests, and Fractogaphic Evalustions of .080-and 0.25-Inch-Thlck
GTA Welds Containing Tungsten indusions (Sheet 2 of 2)

Fat. Endurance (1800

I Unless Odwse
Spei No. RT Results Indicated), cy/ksi Fractoraphy (Failure hntiation)

9-3 Scat. .010-.030" Pores 28,000-60 (2) Pore Cluster (.030" and
.008"), .015" From Surface

9-4 .015-.025" Pores 165.000-40 (2) Pore Cluster (.020" and
.015"). .020" From Surface

10-1 .010"-.020" Pores 58,000-70 Large (Over .020") Pore, .010"
' i From Surface

10-2 .010" to .020" Pores 4,743-50 Mult. Init. at .025" Pores

10-3 .010-.015" Pores 149,000-60 Init. at .010" Pore. .030" From
Surface

10-4 .010"-.040" Pores 7,410,000-40* .025" Pore, .012" From Surface
24,000-90

1-3 .015"-.030" Pores 3,448-90 (20 cpmi (2) Pore Cluster - .015" and
.007" Pores - .002" Apart

5-1 .005" to .025" Pores 18,936-100 (20 cpm) .008" Pore, .030" From Surface

7-1 .010" to .025" Pores 9,032-90 (20 cpm) .030" Pore, .015" From Surface
7-3 .010" to .025" Pores 5,771-85 (20 cpm) Part. Machined Contour of .030"

Dia. Pore on Surface

8-3 .010" to .030" Pores 4,604-90 (20 cpm) Mult. Init. at .035" and .012"
Pores

84 .010" to .025" Pores 14,032-75 (20 cpm) Mult. Init. at .025" and .030"
Pores

9-1 .010" to .025" Pores 1-9,462-80 (20 cpm) Mult. Init. at .009" to .012"
Pores

FI-1 .005" to .010" Pores 7,000-120 .001"-.004" Porosity

F1-3 .015" to .025" 59,000-80 .020" Pore, .025 From Surface

174 .005" Porosity 1,283,000-80 .006" Pore, .020" From Surface
F7-3 .010" Porosity 7,640,000-70' Surface Init. - No Pores

29,000-110
F8-1 (1) .010" Pore 2,533,000-70 Isolated .010" Pore, .025 From

Surface

F8.3 .010" Pore 10,000,000-60" Surface Init. - No Porosity30,000-110

F84 .010" Porosity 336,000-80 .010" Pore, .025" From Surface

F94 .005" Porosity 17,613-120 .005" Pore, .003" From Surface

'No Failure
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Table D6. Oata on Fatigue Endurane and Fracture Charaterlstics of Rawless
O.0S0-1nch-Thic ES Welds

sw.
No. Fatigue Endurance Frctoraphic Findinp

1-1 61,000 Cy at 105 ksi 0.002" Isolated Pore at Initiation Site
1-3 7,538,000 Cy at 80 ksi, N.F.

20,000 Cy at 130 ksi Base Metal Failure
2-1 50,000 Cy at 115 ksi Sfce. Initiation - No Pores
2-2 5,083,000 Cy at 85 ksi, N.F. Base Metal Failure

9,000 Cy at 140 ksi
2-3 682,000 Cy at 90 ksi 0.001" Isolated Pore at Initiation Site
2-4 43.000 Cy at 100 ksi Corner Initiation Site - No Porosity
3-1 739,000 Cv at 100 ksi 0.003" Isolated Pore at Init. Site

3-2 41,000 Cy at 115 ksi Base Metal Failure

3-3 568,000 Cy at 105 ksi Base Metal Failure
3-4 2,650,000 Cy at 95 ksi 0.001" Isolated Pore at Init. Site
10-1 F 95,000 Cy at 90 ksi Corner Initiation - No Pores
5-1 4,744 Cy at 140 ksi 0.002" Isolaweo Pore at Init. Site
5-2 3,900 Cy at 140 ksi Base Metal Failure
5-3 10,000 Cy at 130 ksi Two - 0.001" Pores at Initiation Sites

5-4 13,800 Cy at 130 ksi 0.001" Isolated Pore at Init. Site

2
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Teble B64;. Data on Processing Parameters, Geometric Configuration, Fatigue
Properties and Fractographic Findings on 0.25-Inch-Thick EB
Weidments with Intentional Underfills

Underfill Fatigue Endurance
Configuration (a) - 1800 cpm

Spec Joint Width, Depth, W/D (b) - 20 cpm -Fractographic
No. Gap, in. RT In. In. Ratiu Cycles/ksi Findings

2-1 0.01 Underfill .140 .02 7 (a) 7,000/80 Sfce. Init. at UF

2-2 Same Same .130 v01 13 (a) 14,000/60 Same
2-3 Same Same .130 .02,, 6.5 (a) 84,000/40 Same

2-4 Same Same .140 .02 7 (a) 5,073,000/30 SameNF

14,000/70

9-1 0.025 Underfill .17 .014 12 (b) 12,030170 Root Initiation

9-2 Same Underfill .15 .015 10 (b) 12,535/60 Sfce Init. at UF
9-3 Same Underfill .13 .050 2.6 (b) 18,994/60 Same

9-4 Same Underfill .13 .045 2.9 (b) 5,125/65 Same
10-1 0.040 Same .13 .035 3.7 (a) 7,702,000/40 Same

10,000/70
10-2 Same Same .13 .040 3.3 (a) 12,000/60 Same

10.3 Same Same .12 .050 2.4 (a) 22,000/40 Same
10-4 Same Same .10 .100 1 (b) 5,052/25 Same

11-1 Same Same .090 .065 1.4 (a) 5,087,000/15 Same
(a) 14,000/30 NF Same

11-2 Same Same .11 .075 1.6 (a) 14,000/30 Sam?
11-3 Same Same .12 .085 1.4 (a) 32,000/20 Same

11-4 Same Same .10 .095 1.05 (a) 12,786,006/10 Same
NF
4,000/30

12-1 .030 Same .14 .020 7 (b) 32,000/60 Root Inlitlation
1272 Same Same .14 .040 3.5 (b) 22,178/05 Sfce 11it. at UF

12-3 Same Same .13 .050 2.4 (a) 5,046,000/25 Same
L' " NF

-- -1 o/60
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Table 8-7. Outa on Fatigue Endurance Characteristics of Flawless 0.25-Inch-Thick EB Welds

Fatigub Endurance
Spec. 1800 cpm Unies Otherwise Fractographic Findings

' No. Indicated) (Failure Initiation)

1-1 8,200 Cy at 140 ksi [20 cpm! Base Metal Failure

1-2 9,700 Cy at 140 ksi [20 cpm] An Isolated 0.004" Pore, 0.025" From the Surface
2-1 738,000 Cy at 80 ksi 0.004" Pore Adjacent to 0.002" Pore at the Mid-Thkn.

2-2 29,000 Cy at 120 ksi Base Metal Failure

2-3 2,341,000 at 75 ksi .002" Pore, 0.070" From Surface

2-4 7,565,000 Cy at 70 ksi N.F.
12,000 Cy at 140 ksi Base Metal Failure

3-1 56,000 Cy at 100 ksi Base Metal Failure
3-2 411,000 Cy at 85 ksi (2) .001" Pores - 0.075" From the Surface

3-3 141,000 Cy at 85 ksi (3) .001" Pores [Cluster] .004" From the Surface
3-4 1,863,000 Cy at 70 ksi (1) .003" Pore, 0.100" From the Surface

4-1 38,000 Cy at 100 ksi Two Subsurface Initiation Sites at 0.002" Pores
4-2 56,000 Cy at 75 ksi 0.001" Porosity Throughout

4-3 8,500 Cy at 125 ksi A Linear Porosity Cluster at Subsurface Consisting of
(2) .002" and (4) .001" Dia. Pores

4-4 354,000 Cy at 75 ksi (1) .002" Pore - .004" Away from the Edge

&2I
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Table 08. Detailed Date on Processing and Evaluation of Porosity-Containing
________ _________0.080-Inch-Thick EB Weidmants (Sheet I of 3) __________

Contamination Fatigue Fractographic
Spec. No. Method RT Results Endurance Findings

1-1 Cutting Oil Extensive Scattered 15,000 Cy at Multiple Initiation Sites
Porosity (Ave Size 0.005" 110 ksi Extensive Concentration
dial (1) Pore -.010" dia 1800 cpm of Fine (.001"-.005") Poro-

sity in the Face-Side
of the Weld

1-2 Cutting Oil Minor Scattering of 15,500 Cy at Multiple Init. Sites
Pores [Ave Size = .003"] 115 ksi Scattered .001 "-.003"

20 cpm Porosity

1-3 Cutting Oil Minor Scattering of 23,250 Cy Init. Site at a Cluster
Pores [Ave Size -.006") at 115 ksi of (3) .001" Pores -

20 cpm .003" From the Surface

2-1 Cutting Oil Extensive Double-Line 13,000 Cy at No Definite Init Site.
Porosity, .005"-.010" 100 ksi Extensive Concentr. of

1800 cpm Fine [.001"-.002"1 Poro-
site in the Face Side
and Coarser (.003"-

.004"] Porosity at the
Root Side

2-2 Cutting Oil Same 31,000 Cy at Same as 2-1
85 ksi
1800 cpm

2-3 Cutting Oil Double Line Porosity (.003"- 18,600 at Same as 2-1
.007"] (1) Pore -.010" 105 ksi Multiple Initiation
(2) Voids -.030'" 20 cpm Sites

24 Cutting Oil Double Line Porosity [.003"- 98,000 Cy Same as 2-1
.007"] (1) Pore -.010" at 70 ksi
(2) Voids -.030" 1800 cpm

4-1 Cutting Oil Linear Porosity [Ave. Size 248,000 Cy Extensive Concentr.
.005"] at 60 ksl of Fine (.001-.003")

1800 cpm Porosity In the Face-
side by the Weld.
Initiation Site at
.002" Pore -. 004"
from the Surface.

4-2 Cutting Oil Same 352,000 Cy Init. Site at .003"
at 55 ksl Pore, .004" From the
1800 cpm Surface. Extensive

Concentration of
Fine [.001..003")
Porosity In the Face
Side, .001" -.004"
Isolated Porosity
Elsewhere.

4-3 Cutting Oil Extensive Linear Porosity 25,000 Cy at Extensive Concentr.
(.005" Ave] 95 ksl of Fine Porosity

1800 cpm In the Face-Side.
(.001 "..003")1. Isolated .004"..006"

- ! Pores at Root Side.

5-1 Grit Blasting Scattered Porosity (.005"- 39,000 at Init. Site at .008"
Both Edges .010"] 100 ksi Pore, .020" From
with At O3 20 cpm the Surface

5.4 Same Minor Scattered 53,000 Cy at Init. Site at .003"
Porosity [.003" Ave] 100 ksl Pore, .008" from the

I 21 cpm Surface
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TaMe B. Detailed Date on Processing and Evaluation of Porosity-Containing

0.080-inch-ThIck EB Weldments (Continued) (Sheet 2 of 3)

Contamination Fatigue Fractographic
Spec. No. Method RT Results Endurance Findings

6-1 Same Scattered Porosity - 500,000 Cy Multiple Initiat.
.005" Ave. at 45 ksi Sites. Primary

N.F. Init. Site - .002"
32,000 Cy Dia, .002" From
at 105 ksi Surface
1800 cpm

6-2 Same Same 5,013,000 Cy Init Site at (3)
at 50 ksi .003" Pores, .020"
N.F. From the Surface
27,000 Cy
at 105 ksi
1800 cpm

6-3 Same Same 5,078,000 Cy Multiple Init. Sites
at 55 ksi
N.F.
12,000 Cy
at 130 ksi
1800 cpm

64 Grit Blasting Minor Scattered Porosity 228,000 Cy Init, Site at .002"
Both Edges (.005" Dia. Ave.) at 65 ksi Pore at the Surface
With A12 03  1800 cpm

7-1 Same Same 62,000 Cy Init. Site at .002"
at 100 ksi Pore at the Surface
1800 cpm

7.2 Same Same 102,000 Cy (2) Init. Sites - One at .002"
65 ksi From the Sfce One .004"
1800 cpm From the First Pore, .001"

From the Surface
7-3 Same Extensive Scattered Porosity 4,800 Cy at Multiple Init. Sites, Scattered

(.005" Ave.) 130 ksi .002"-.005" Pores
20 cpm

74 Same Minor Scattered Porosity 5,000,000 Cy Init. Site at .003" Pore at
[.005" Ave.] at 60 ksi N.F. the Surface

17,000 Cy at
130 ksi
1800 cpm

8.1 Same Same 67,000 Cy at Inlt. Site at .002" Pore at
95 ksi the Sfce Other .002" Pores
1800 cpm In the Interior

8,2 Same Minor Scattered Porosity 367,000 .004" Pore .006" From the
(.003" to .007" Range) at 60 ksl corner

1800 cpm

8.3 Same Very Minor Scattered 18,600 Cy Multiple Initiation Sites.
Porosity (.005" Ave.) 120 ksl

20 cpm
10.1 Same Widely Scattered .005" 283,000 Cv A Collapsed .004" Pore at

Porosity at 70 ksi the Edge. Other 001".
1800 epm .004" Pores in the Interior

102 Same Scattered Porosity, .003" 57,000 Cy A Clustor of (3) .002" Pores
to .007" at 85 ksl at the Surface, Other ,003" to

1800 cpm .005" Pores In the Interior
12-1 Same Several .005" Pores 101,000 Cy at Multiple Crack Initiation

100 ksi .001" to .006" Pores
1 1800 cpm __
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Table B.8. Detailed Deta on Procesing and Evaluation of Porosity-Containing,
O.08-1nch-Thick EB Weldments (Continued) (Sheet 3 of 3)

Contmrination Fatigue Fractographic
t"Spe. No. Method RT Results Endurance Findings

12-2 Grit (2 03 Linear and Scattered .005" 26,000 Cy at Multiple Init. Sites .001 "to

Blasting Both Porosity 120 ksi .006" Porosity
Faying Surfaces 1800 cpm

12-3 Same Linear and Scattered Porosity 7,200 Cy at Multiple Init. Sites; Isolated
(.005" Ave.) 135 ksi .003" to .005" porosity

20 cpm
13-1 Same Scattered .005" Porosity 73,000 Cy at Primary Init. Site at .002"

85 ksi Pore, .002" From Surface
1800 cpm

13-2 Same Scattered .006" Porosity 188,000 Cy at Init. Site at .004" Pore at the
65 ksi Corner. Isolated .003"-.04"
1800 cpm Pores in Interior

13-3 Same Same 1,076,000 Cy Init. Site at .003" Dia Pore
at 55 ksi .002" From Surface
1800 cpm

13.4 Same Linear Fine Porosity and 7,580,000 Cy Multiple Init. Sites. Primary
Scattered .005" Porosity at 50 ksi N.F. Site at .002" Pore at the

18,000 Cy at Surface
120 ksi

_ __1800 cpm
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Table 39. Detailed Des. on Procsing and Evaluation of Porosity-Containing
0.26-Inch-Thick S Weldments (Sheet I of 3)

FatigueSpec Cotaination (1800 opn)NO. Methd RT Results Endurance Fractographic Findings
3.1 Sand Blasting LnaPooty.03Av. 308,000 Cy Linear Porosity, 0.035", Fromof Both at 80 ksi the Surface (Face) Sizes-Faying Surfaces 0.001" to 0.00". Internal

Initiation.
3-2 Same Scattered Porosity - .003" 62,000 Cy Subsurface Initiation at (2) .003"

Ave. at 70 ksi Pores, APProx .004" From the
Surface. Linear Porosity [.003"
Range] 0.020" From the Surface

3-3F Some No Indications 41,000 Cy Base Metal Failure
at 110 ksi

6.1 Grit Blasting Linear Porosity 28.000 Cy Initiation at (2) .003" PoresOne Side .05" Ave. at 105 ksi Approximately .004", From the
Surface

6-1 F Same No Indications 5,030,000 Cy Base Metal Failure
at 60 ksiN.F.
26,000 Cy
at 130 ksi

6-3 Same Linear Porosity .005" Ave. 5,015,000 Cy Unear Porosity (0.002" to 0.006"
at 50 ki N.F. Range) Approximately 0.040-
52,000 Cy From the Surface [face) Internal
at 100 ksi Initiation at Porosity and External

Initiation In the Cornrw
12-1 Thin Layer of Small Linear Indications, 10,000 Cy Initiation at Partially Missed

Cutting Oil 0.005" to 0.040" Long. at 80 ksl Seam
Possible Missed Seam

12.2 Same Possible Missed Seam. Some 5,000 Cy Failure at Misse Seam* Lner Porosity 0.005"1 or at 60 kul
Lous

1243 Same Fine Linear Indications. 5.041.000 Cy Fine 10.001 "or Lesu] Porosity
Possible Missed Seam at 40 kil N.P. Throughout the Cross-Section.

66,000 Cy No Missed Seam
at 60 Wa

1.1 Cutting Oil Blend (2) -.015 Pores 29,000 Cy Initiation Site Could niot beWithG0-1Pwd (1) .026 Pore 70 ksl Determined Dusto Extenlve
Rubouts

21.2 Same Scattered 0.006" to 0.020", 8.000 Cy Sam
Poe W kil

2143 Same Scattered A010" to .025" 287,000 Cy Initiation at a 0.020" Surface
Pores 40 kii Pgw. O00e pores in 00"

to0.020" Range
MI- Grit Blasting Double-Row of 0.00W, to 26.000 Cy massive Porosity 10.00 toAnd Cutting 0OR 0.010", Porosity at 70 kil 0.00?", Interior Initiation
2442 Samet Double-Row of Fine Porosity 46,000 Cy Massive 40.001 "to 0.00)I

at 60 kul Porosity Especially at the Root
Sieo h Weld

244 SOme Fine Lier Porosity and 26.000 Cy No Lack of Fusion. Initiation
Possible Lack of Fusion at 46 kil At 0.007"* SWrNW POre

X44 SAM (2) Pores In 0.020" to 0.02W" 649,000 Cy Heavy Concentration of Startac
Range at 40 hal and Subsal e Porosity In

.001 " to 003", Rang
27-1 Cutting Oil with Fine Linea Porosity -0.006" $7.000 Cy Masve Porosity Throuhu

a. I IPowder Ave. Vistia Sfce,. Indications at 70 kal 10,001"1 to 0.003" Rangel
-1Multiple nitiation sites
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Table 8.9. Detailed Data on Processing and Evaluation of Porosity-Containing
0.25-Inch-Thick EB Weidments (Continued) (Sheet 2 of 3)

Fatigue
Spec. Contamination (1800 cpm)

*No. Method RT Results Endurance Fractographic Findings

27-2 Same Same 175,000 Cy Initiation at a Surface Pore-
at 50 ksi .007" Dia.

27-3 Same Fine Linear Porosity 5,032,000 Cy Initiation at a Surface Pore,
at 40 ksi Partially Removed by Machining.
22,000 Cy Remaining Indentation - .010"
at100 ksi Die.

27-4 Same Fine Linear Porosity - 0.005" 431,000 Cy A Cluster of (3) .002" Pores in
Ave. at 45 ksi Close Proximity of the Surface

at the Initiation Site

28-1 Same 2 - .020" Pores 27,000 Cy Initiation at 0.016" Isolated
at 90 ksi Pore Approx. 0.005" From the

Surface
28.2 Cutting Oil W. Fine Linear Porosity and 10 1,178,000 A Cluster of 5 Pores (.005",

G-1 Powder Scattered Pores (0.020" to at 45 ksi 0.004". (2) .002" and .001 "1)
0.025"1 .050" From the Surface at the

Initiated Site
28-3 Cutting Oil W. Scattered Linear Porosity & 49,000 Cy Initiation at Partially Removed

tG.1I Powder Sfce. Indications at 80 ksi (On Machining) Sic. Pore;
Originally -0.015" Dia.

29.1 Same Double Row of Heavy Porosity 20,000 Cy at Initiation at 0.002" Pore. 0.005"
(.005" to .0020") and Visual 8D ksi From the Surface. Massive Pbro-
Sfce Indications sity (.001"* to .008" Elsewhere]

29.2 Some Same 107,000 Cy Initiation at a Large Sfce. Porosity

29.3 Same Soe3.OOC Masive Porosity adIeuin
at 5 ksl Throughout

29.4 Same Same 5.064.000 Cv Multiple Iiito% &v
at 4 kslN.F. Porosity and Icuin

31-1 Same Visual Sfce. Indications. 93,000 Cy Initiation at a 04002" Sf ce. Pote.
(1 -00"Poeat 80 ksl Overload Contour Around 0.022"

Pore in the Interior,

31.2 Same Visual In*.ldications, 103,000 CV Initiation at 0.006" Surface Pat*.
Scattered .005" to .020"* at 60 ksi stty. Heavy Concentration of
Pot"s 005" to .010** Pores Elsewhere

3143 Sam. 2. 0.0 15" Pores 398,000 Cv initiation at .008" Pore at ith
I-0.026" Pores 46 ksi Surface; .015S" Pot* in the

Interior
314 Same Scattered Potositv - .0S6" 6.041,000 Cy Multiple Initiation Sites at

Ave. at 40 kil N.F. .002 to .005 Porosity Custer
7,000 Cy
At 116 kui

64 (rit Blasting Linear Porosity D0* Ave. 4,484 Cy Multiple inttii~iton Sites
(1) Faying Sfee. at 130 ki Conc~ntafion of .003" to

.005' Porosity

* 13. Grix'Slating Linear Porosity .00" Ave. 17.068 Cy Multiple lflitiiof Sites-
V.i Feying Slce 110 liii Random

14 Grif.lassting .160" x .115' Void 2.946 Cy Leep Surface Void Nue to
(V) Faying Sfce. at 100 Ui Incomplete Removal of the

WMld Bead
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Table 8&9. Detailed Data on Ptomsiang and Evaluation of PorosIty-Containing
025inchTbIck ES Wldments (Continued) (Shoot 3 of 3)

Fatigue
Spec. Contarnination 11180 CPO
No. Method RT Results Endurance Fractographlc Findinp

1343 Grit-Blasting No Indications 13,780 Cy A Cluster of 2 - .001 "and
(1) Faying Sfce. 120 ksi .002" Porosity .010" From the

Surface
17-1 Send-Wlasting No Indications 12,624 Cy An Isolated .004" Pore at the

(1) FayingSfce. at 120 ksi Surface
17.2 Same Same 23,277 Cy Base Metal Fillure

at 110 Ws
17.3 Same Same 25,833 Cy An Isolated 0.004 " Pore, .006"

at 106 ksi From the Surface
174 Samne Samne 13,256 Cy Isolated .001" Pore, .005" From

________________ ____________at 125 ksi the Surface
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Table 0-10. Results of Fatigue Tests and Fractogyaphic Evaluation of 0.26inch-Thick
ES Weldments with Mlismatched Faying Surfaces

Fatigue
SWe. Endurance
NO. flsmatih FIT Results (1800 epm) Fractogrpic Findings

3.1 0.0251, No Indications 29,000 Cv Multiple Surface Initiations at
at 50 ksi the Face of the Weld

3-2 Same Same 63,000 Cy Muit. Sfce. Initiations at the
at 40 ksi RootI3.3 Same Same 10.097.000 Cy Mult. Sfce. Initiations at the
at 25 Itsi N.F. Root
12,000 CvI at 60 ksi

34 Same Same 293,000 Cv Linear Sfce. Initiations at the
at 30 ks Root

4-1 M.015, No Indications 7.030,000 Cy Linear Simc. Initiation at the.
at 30 ksi N.F. Face
11.000 Cv

At 70 ki
4-3 Same Same 40,000 Cy Multiple Instiations at the

at 90 ks! Face
4-4 Same Sama 81,000 Cy Multiple Wtatons at the.

at 40 ks Root
4-2 Same Same 5,033,OOOCy

at 30 ksl N..
17,000 Cy

_____________ _________ at 6 kij
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Table B-11. Data on Pr@cessng Parameters, Geometric Configuration, Fatigue
Properds and Fractographil Findings on 025-nch-Thick EB
Weldmmnts with Intentional Underfills

.. Udeill Fatigue Endurance
Configuration (a) - 1800 epmSpec joint Vidth. Depth. W/o (b) - 20 Wpm Fractogrephic

No. Gap. In. RT In. In. Ratio (b2es/10 Findings

2.1 0.01 Underfil .140 .02 7' Is) 7,00O80 ' Sfoe. init. at uF

2.2 Same Same .130 ,01 13 (a) 14,00CV60 Sam

2.3 Sne Same .130 .02 6.5 (a) 84.00,/40 Same

2.4 Urne sum .140 .02 7 (a) 5.073,000130 Sam
NF
14.000/70

9.1 0.025 Undertill .17 .014 12 (b) 12,030/70 Root Initiation
9.2 Same UnderftW .15 .015 10 lb) 12.53W160 Stce Init. at UF

93 Saf Underfill 13 ,0,0 26 (b) 18,994/60 Sam

9-4 Sao" L *rfl$l .13 .046 2,a (b) 5,12h/65 Sam

10-1 0.040 Sm .13 .035 3.7 1al 7.702,000/40 Sam~10,o0W70

10,2 Same Sam .13 .040 3.3 (t) 12,000/60 Sam
10.3 Su Sa .12 .050 2,4 (a) 22O000/40 Saf
10.4 Sam Same .10 .100 1 16)8,052125 Same
m1.1 Same Sam* .090 .06 .4 (a) 6,007,00W1S Som

(a014,00130 NF sao*
11 2 Saw Si "it .076 1.6 (a) 14j000.30Sw
11 3 sae same ..12 AS6 1A is) 32.00W/20 soft
11-4 San SAiW A10 M06 1.05 (A1 12,.000/10 Sant

NF
4.000/30

121 .' at 1 020 7 (61 32.000/6 Root Iiiislox
12.2 Soft Same .14 .040 I.S lb) 2.176IWO stce 101L at Of

U-l3 Same Sm 13 .00 2.4 6.046,00M, NF

- .

II
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Table 8-12. Dateaon Radiogniphlc Findings, Fatigue Endurance and Fractographic
______ Analyme of Surface Contaminated 0.2&4ndh-Yhick ES Welds

Spec. No. ItT ResUlt Fatigue Endurance FracaWqic Findig

2-1 OK 54,000 Cy at 60 ksi No porosity at the initiation
Site. Fine (0.001 ") Scattered
Porosity in the Interior. Linear
Stce Initiation.

2-2 OK 7.178.000 Cv at 45 ksi, N.F. Liner Sfce. Initiation
14.00 Cv at 80 ksi No Porosity

2-3 OK 7.048.000 Cy at 40 ksi, N.F. Same
______________ _____________ 10,000 Cy at_90 ki ______________
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Table B-13. Fatigue Endurance Values and Results of Fractographic Evaluation of Flawless PAW Specimens

Fatigue Endurance 1800
cpm Tests, unless

Spec. No. otherwise indicated, CY/KSI Fractography

1-1 61,000 at 100 Base metal failure

1-2 6,100 at 140 (20 cpm) Stce init at edge no porosity

. 1-3 6,500 at 140 (20 cpm) Init at .003" pore in the linear arrangm approx .035
from the [face-side] surface

1-4 27,200 at 115 (20 cpm) Mult init sites in 003" pores in linear arrangement .020"
from the surface

2-1 128,000 at 85 Init in (2) pore (.002" and .003"] cluster in linear
arrangm

2-2 27,000 at 115 Base metal failure

2-3 130,000 at 85 Init at .003" pore in linear arranrm

2-4 36,000 at 115 Base metal failure

3-1 301,000 at 80 Init at .003" pore in finear arrangm

3-2 5,032,000 at 75 NF
20,000 at 130 Base metal failure

3.3 795,000 at 80 Init at .002" pore, .070" from Stce.

3-4 580,000 at 77.5 Init at .003" pore in linear arrangement

Note: NF - No Failure
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Table B-15. Fatigue Endurance Dat a n Mismatche 0.25-Inh-Thick PAW Specimens

Spec.Unth
NO. Fatigue Endurance (1800 cpm Tabt)

3-1 14,000 Cyat 70ksi .016
3-2 41,OOOCy at 50ksi .016
3-3 5,002,000 Cy at 40 ksi-N.F. .016

12,000 Cy at 70 ksi
34 61,000 Cyat 45ksi .016
4-1 84,000 Cy at 50 ksi .025
4-2 53,000 Cy at 40 ksi .025
4-3 7,090,000 Cy at 30 ksi-N.F. .025

5,000 Cy at 75 ksi
44 115,000OCy at 35ksi .
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Figure B-16. Fatigue Endurance of 0.25-Inch-Thick PAW Weidments with Minor Underfill

Undrec.,In Fatigue Endurance at
*NO. Depth Width 1800 cpm, Unleon Otherwise Indicated Failure Initiation

0 41-1 .010 .15 14,7R8 Cy at 115 ksi (20 cpm) Root

*1-2 .005 .15 10,593 Cy at 115 ksi (20 cpm) Root
1-3 .005 .15 13.120Cy at 115ksi (20 cpm) Root
1 -4 .010 .13 18,693 Cy at 100 ksi (20 cpm) Root
2-1 .005 .15 7,029,000 Cy at 60 ksi N. F.

15,000 Cy at 115 ksi Face (UF)

2-2.005 .15 .15 29,224 Cyat 90ksi (20 cpm) Face (UF)
2-3 .010 .16 112.000 Cy at 80 ksi Base Metal

2-4 .005 .15 21,000 Cy at 100 ksi Root
3-1 .010 .15 31,000OCy at 80ksi Root

3-2 .005 .15 5,012,000 Cyat 60ksi.N.F.
22,000 Cy at 100 ksi Root

3-3 .005 .17 7,183,000 Cy at 70 ksi-N.F.
16,000Cy at 115 ksi Root

3.4 .005 .15 462,000 Cy at 75 ksi Root
4-1 .005 .16 109,000 Cy at 80 ksi (20 cpm) Base Metal
4-2 .005 .15 22,787 Cy at 100 ksi (20 cpm) Root
4-3 .005 .17 19,04 5Cy at 100 ksi Root

Undercut
*LIC1-1 .010 .11 14,000OCy at 90ksi Face (UC)
*1-2 .015 .10 9,000 Cy at 70 ksi Disregard -Grooves

on the Sfce.
1-3 .010 .10 30,000 Cv at 70 ksi Disregard-Grooves

on the Sfce.
1-4 .007 .12 2,574,000 Cy at 60 ks! Subsurface Init. at

.005" Pore .040"
From (Face/Sfce.)

2-1 .010 .08 57,000 CV at 80 ksi Root
2-2 .005 .09 63,000 Cy at 70 ksi Root
2-3 .005 .07 5,004,000 Cy tit 65 ksi N.F.

______ _______16,000 Cy at 100 ksi Root
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TabO B-17. Fatigue Endurance of 0.25-Inch-Thick PAW Weidments with Minor Underfills or Undercuts

Spec. Fatgu Endurance (1800 cpml
NO. Cycles Mx. Stress, ksi

1-1 215,000 s

1-3 6,90,000 70-NF
2-2 56000 90

2-3 13,000 110
2-4 59,000 80
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Table B-18. Processing and Fatigue Endurance of Surface-Contamination
Type PAW Weldments

Spec.
No. Surface Contamination Fatigue Endurance

1-1 Trial Shield Argon Decreased From 100 cfh to 30 cfh 23,000 Cy at 70 ksi

1-2 Trial Sheild Argon Decreased From 100 cfh to 30 cfh 14,000 Cy at 80 ksi
1-3 Trial Shield Argon Decreased From 100 cfh to 30 cfh 58.000 Cy at 60 ksi
1-4 Trial Shield Argon Decreased From 100 cfh to 30 cfh 190,000 Cy at 50 ksi
2-1 Trial Shield Argon Decreased From 100 cfh to 30 cfh 105,000 Cy at 60 ksi
2-2 Trial Shield Argon Decreased From 100 cfh to 30 cfh 5,010,000 Cy at 50 ksi-N.F.

7,000 Cy at 100 ksi
2-3 Trial Shield Argon Decreased From 100 cfh to 30 cth 94,000 Cy at 55 ksi
2-4 Trial Shield Argon Decreased From 100 cfh to 30 fh 61,000 Cy at 55 ksi
3-1 Eliminate Trail Shield & Torch Shield Normal 7,456,000 Cy at 40 ksi-N.F.

12,000 Cy at 90 ksi
3-2 Eliminate Trail Shield & Torch Shield Normal 161,000 Cy at 50 Psi
3-3 Eliminate Trail Shield & Torch Shield Normal 5,051,000 Cy at 45 ksi.N.F.

11,000 Cy at 90 ksi
34 Eliminate Trail Shield & Torch Shield Normal 79,000 Cy at 80 ksi
4-1 Eliminate Trail Shield & Torch Shield Normal 5,004,000 Cy at 55 ksi.N.F.

13,000 Cy at 100 ksi
4-2 Eliminate Trail Shield & Torch Shield Normal 34,000 Cy at 70 ksi

4-3 Eliminate Trail Shield & Torch Shield Normal 9,927,000 at 50 ksiN.F.
12,000 Cy at 95 ksi

44 Eliminate Trail Shield & Torch Shield Normal 20,000 Cy at 80 ksi
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Tab" 8-9. Fatigue and Fractographic Characterlgtics of Flawless OMA Speimens

NO. Fatigue Endlurance Fractosraphic Firlnl
1-2 83,000 Cy at 100 ksi B~ase Metal Failure
1-3 142,000 Cy at 85 kcsi Sfce. Initiation. No Porosity.
3.1 134,000 CV at 75 ksi Init. at 0.002" Sfce. Pore
3-2 4,822,000 Cy Ut 65 ksl (1) .002" Internal Pore at Initiation Site.4-1 24,000 Cy at 120 ki Sfc.. Initiation. No Porosity,
4-2A 17,480 Cy at 120 ksi Init. at (2) .002" Internal Pores
4-28 11,443 Cy at 130 ksl Multiple Initiation at (2) .02" Internal Pores
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Table B.20. Fatigue Endurance and Fractographic Dat on O.25-lnch.Thlck OMA Welds with Lack-of-Penstratlon
and Undercut Defects

SPOL
No. RT Fatigue Endurance Fractography

P5-i Incompl. 31,000 Cy at 40 ksi Failure Init. in Undercut at the Face
Penetr I LPI (Undercut - .005" Deep, .040" Wide)
and Under-
cut

P6-2 Some 444,000 Cv at 20 k-si LP .030" to .040", 3/4 of Width
P643 Same 5,001,000 Cy at 15 ksi N.F. LP of .030"' to .045"' in Depth

13,000 Cy at 50 ksi Failure Init, at LP
6-1 Same 27,000 Cy at 40 ksi LP of .035 to .050" Failure Init. at LP
8-2 Some 675,000 Cv at 20 ksl 0.032" LIP in 1/2 of the Width, Failure Init, at LP
5-1 Same 49.000 Cy at 40 ksi Init, at Face Undercut (.020" Deep. .075 Wide)
6-2 Same 141,000 Cv at 30 ksi Init. at Face Undercut (.010" Deep. .075" Wide)
5-3 Some 214,000 Cy at 25 ksi (fnit, at Face Undercut (.040" Deep. .125" Wide)
54 Same 5,399,000Cyat 20ksi N.F.

13,000 Cy at 55 Itsi Init. a~ Face Undercut
03 Same 142,000 Cy at 30 kui Init, at Face Undercut (.002" Deep, .070" Wide)

6.4 Same 760.000 Cy at 25 ksl Failure in 0.008" Deep LIP
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Table X1. Fatigue Endurance and Fractographic Detb on 0.25-nch-Thick GMA Welds with Lack-of-
Penetration and Undercut Defects

Fatigue Endurance
Spc. 1800 cpm Tests, unles
No. Othewise Indicated Fractograhy

1-1 61,000 Cy at 100 ksi Base Metal Failure
1-2 6,100 Cy at 140 ksi (20 cpm) Sfce. InIt. at Edge. No Porosity
1-3 6.500 Cy at 140 ksi (20 cpm) Init. at .003" Pore in Linear Arrangement

Approx. .035 From the (Face Sidel Surface
1-4 27,200 Cy at 115 ksi (20 cpm) Mult. Init. Sites in .003" Pores in Linear

Arrangement .020" From thw Surface

2-1 128,000 Cv at 85 ksi Init. In (2) Pore [.002" and .003) Cluster In
Linear Arrangement

2-2 27000 Cy at 115 ksi Base Metal Failure
2-3 130,000 Cy at 85 kl Init. at .003" Pore in Linear Arrangement
2-4 38,000 Cy at 115 ksl Base Metal Failure

3.1 301.000 Cv at 80 ksi tit. at .003" Pore in Linear Arrangement
3.2 t6.032.000 CV at 75 ksi N.F.

20.00 Cy at 130 ksi Base Metal Failure
3.3 795.000 CV at 80 kli InIt. at .002" Pore..070" From Sfce.

3.4 58ooo0 Cv at 77.5 ksi Int, at .003" Pore in Linear Arrangement

! I

,
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Table B-21. Fatigue Endurance, and Radiographic and Fractographic
Data on Porous GMA Welds

Fatigue Endurance 0
Spec No. RT (1800 cpm) cy/ksi Fractography

4-1  Scattered and Linear 1160000/50 No Porosity at Sfce. Init. Site
Porosity

4-2 Same 183,000/40 Internal Cluster of 6 Pores

1.004" to .020" Range) at Init.

4-3 lnc,)mpl. Fusion 301.000/30 Disregard - Mach. Defect
One .035 Pore

8.1 Scat. Porosity 91.000/60 .012" and .008" Pores at Init.
.0O3" to .020" Site .050" From Slce.

8-2 Linear Potomity 49,000/80 Two .010" Pores, .006" Apart
.005"* to .020" at Init. Site .025" From Sce

83 Scat. Porosity 7.343,000/40 (2) .008" Pore at Init. .020" From
.005" to ,010" 17.000/105 Sice. Multiple Init. Sites

9-1 No Porosity 44.000/70 No Porosity at Sce Init. Site

9-2 .005" - .010" Pores 72.000/90 Bese Metal Failure

94 ,005" - .010" Pores 33.000/70 .015" Pore at Init. .070" From
Sic.. Multiple Init. Sites

B-1A ,005" to .020" Pores 134.000170 M.Utple Sfe old Subsce. tnit.
6-2 .005" to .020" Pots 14.000/90 Multiple Sie and Sulbsic. Init.

6%U Scat. Porosity 1.589.000/50 .010" and .006" Pores at Inter.

.005" to .010" lot Init. Site

104 .006" to .015" Pores 6.000,000/30 (2) .00*" Pore at Sco Init, Site
77,000/80

103 .005" to 015" Pores 3.351,000145 Six Por s (,006" to .016") o
Subwurt#c.

104 .006" to .015" Pot#s 146,000/160 Stt. vW Subst¢e it, Si",
13-2 Lintr lotted 6.034,000/50 (2) Multiple Substc Init. Sits

.002" to .015" Pores 11.000105

13-3 Same 90.000/70 .007" Pore at Sce, Initiatio

14.1 .075" and .A00 Voids 393.000/60 .002" Por at Sfic lit.
144' .010" and .020"' Por 165.000/5 .06" Pore at Ste Imit.

Two .003" Pores at &usfce.
14- Two .010" Pores 301,000/3K nuIPOut Ftet. Sic

D Damaged Film 21,7071t10 (1) Multipl letraor Itlt. Sit"

4 Damaged Film 2,7631125 tI) Multiple Subtsie nlit. Sites

13-1 .006" Pores 26.6701110 (1) Base Metal Failtw
134 Scatterod. 6,140126 (10 Multiple Ine riot Init. Silts

.002" -_.020" Potes _______

Not: 1) 20 cn
21 No Fallure
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